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Editorial 
 
The main event of the year 2008 for our community was undoubtedly the kick-off event 
for the FAIR facility, which took place in November 2008. Professor V.E. Fortov 
represented our community pointing out the relevance of intense heavy ion beams for 
high energy density physics. He emphasized that high energy density matter is essential  
when considering the operation of pulsed reactors with inertial confinement, however 
along with increasing interest in practical applications of high pressure matter, purely 
fundamental interest is gaining momentum, because this kind of exotic matter, that we are 
now able to produce in the laboratory under reproducible conditions is the major part of 
baryonic matter of the universe. 
High power lasers, pulsed power machines, and high explosives are currently the main 
experimental techniques to produce high energy density matter, or warm dense matter. 
The high intensity heavy ion beams from FAIR will provide a new tool to the community 
to address this field. The advantage of heavy ions lies in the  specific properties of heavy 
ion interaction with matter. Here macroscopic samples of rather uniformly heated matter 
can be created, and the energy deposition as a function of space and time into the sample 
is given with a high precision. Already now the intensities available at GSI allow 
comparison with high pressure experiments generated with high explosives. The diagram, 
which is part of the title picture on the front cover, shows a comparison of heavy ion data 
with the 1.8 Mbar release isentrope generated with high explosives. At Fair the 90 degree 
beamline from the SIS 18 will allow proton  and ion radiography with high time and 
space resolution. This is a real progress in high energy density matter diagnostic. Other 
diagnostic methods based on high intensity lasers and high power lasers are currently 
under development. This combination of high intensity heavy ion beams to generate 
exotic states of matter combined with ion beam and laser diagnostic methods are 
expected to be unique. Therefore the community interested in dense plasma physics is 
committed to provide the infrastructure at FAIR to open this field. 
Strongly correlated Plasmas was also the topic of the 390th WE-Heraeus Seminar which 
was jointly organized by the University of Rostock (R. Redmer) and GSI-Plasma Plasma 
Physics (D.H.H.Hoffmann). This seminar provided a platform for intense discussions on 
all aspects of strongly coupled plasmas. Experts from theory and experiments in this field 
were invited and presented the latest results. We are grateful to the WE- Heraeus 
Foundation for the support of this seminar. In September 2007 the  Fifth International 
Conference on Inertial Fusion Sciences and Applications (IFSA2007) was held  in Kobe, 
Japan. This conference brought together scientists of all fields of inertial fusion sciences, 
high energy density physics, and applications from all over the world and our community 
was represented there very well. And in the beginning of October  an ‘Experts Meeting 
on Heavy Ion Stopping Power’ (HIS 2007) brought together more then 35 scientists 
specialized in the problems of ion stopping and energy loss in matter at the TU Darmstadt 
to exchange valuable informations and expertise on this subject.   
The report of 2007 summarises the progress that has been made in the Plasma Physics 
Experimental Program, The Laser Physics Program, Beam and Accelerator Physics. 
 
Dieter H.H. Hoffmann 
April 2008 
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Gasdynamic issues in transverse beam size measurements∗
A. Hug1,2, D. Varentsov2, V. Turtikov3, D.H.H. Hoffmann1,2, A. Fertman3, M. Kulish4, J. Menzel1,
V. Mintsev4, N. Mu¨ller1, D. Nikolaev4, B. Sharkov3, N. Shilkin4, V. Ternovoi4, and S. Udrea1
1TUD, Darmstadt, Germany; 2GSI, Darmstadt, Germany; 3ITEP, Moscow, Russia; 4IPCP, Chernogolovka, Russia
In experiments at the HHT area, intense uranium beams
from SIS-18 are focused to a submillimeter-spot to gener-
ate high energy density (HED) states in the target material.
For this HED physics experiments, as well as for the future
HEDgeHOB experiments at FAIR, it is essential to know
the beam profile at the focal plane with (10 − 50)µm ac-
curacy. Due to the high level of energy deposition by the
intense beam, any material placed near the focal plane will
melt or evaporate. Therefore one needs non-intercepting
diagnostics for transverse beam profile measurements.
Position and transverse dimensions of the beam have
been measured by recording beam-induced light emission
images in the gas-filled target chamber by two fast inten-
sified CCD-cameras, installed perpendicular to the beam
axis. However, the interaction with the intense beam may
lead to a fast gasdynamic radial expansion of the beam-
heated gas, and consequently, modification of the gas ra-
dial density distribution during the interaction. This effect
is illustrated for Ar and He in Fig. 1, which shows results
of corresponding simulations with VarJET 2D gasdynamic
code1.
Figure 1: Evolution of radial density profiles of Ar and He
due to gasdynamic motion.
The measured transverse light emission profile is a prod-
uct of the real beam intensity distribution and the gas den-
sity profile. Therefore the expansion of the heated gas leads
to an increase in the visible beam size. The magnitude of
such a “broadening” exclusively due to gasdynamic motion
is shown in Fig. 2. The calculations were done for a round
gaussian beam with the parameters typical for the HEDP
experiments at HHT. It is seen that due to this issue, the
visible beam spot size may in the worst case be up to 40%
larger than the real one.
∗Work supported by GSI-INTAS 03-54-4254, 06-1000012-8707,
BMBF 06-DA-118, GSI DA-HOF-1
1V.L.Varentsov, D. Varentsov, paper in preparation
Figure 2: Relative broadening of visible transverse beam
dimensions in argon due to gasdynamic motion as a func-
tion of real focal spot size.
In order to verify the above simulation results, the laser
backlighting system of the HEDP setup at HHT has been
modified to provide a possibility for schlieren measure-
ments. The schlieren technique is sensitive to the density
gradients in a transparent media. By using a streak camera
as a detector, the evolution of the gas radial density gradi-
ent during and after the interaction with the beam can be
measured.
Figure 3: Experimental streak-schlieren image (left) and
corresponding simulations (right).
For the first time, shock waves induced by intense heavy
ion beam in Ar and He-Ar mixtures at (100 − 900)mbar
pressures have been detected. Fig. 3 shows a typical streak-
schlieren record of a radial shock wave (Ar 900mbar, 238U
2.2 · 109, 350AMeV, 300µm FWHM focal spot size) and
the corresponding simulations by the VarJET code. Com-
parison between these measurements and simulations have
shown a good quantitative agreement, confirming the im-
portance of the gasdynamic issues for the problem of trans-
verse diagnostics of intense focused heavy ion beams.
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Numerical Simulations of the Calcium Projectile Charge Dependence on  
the Target Density  
S. I. Eisenbarth (Korostiy)1, O. N. Rosmej1, V. P. Shevelko2, D. H. H. Hoffmann3 
1GSI, Darmstadt, Germany, 2Lebedev Physical Institute, Moscow, Russia, 3TU-Darmstadt, Germany 
 In the report we discuss results of numerical simula-
tions of the projectile ion charge dependence on the target 
density. A five charge state collisional-radiative model 
has been developed [1], which accounts for collisional 
and non-collisional processes of the ion population kinet-
ics in heavy ion stopping process and allows predictions 
of the projectile charge state distribution inside the target. 
The distribution of the population fractions over the en-
ergy levels of the ion Z is described by a system of rate 
equations for the multilevel kinetics. The model considers 
the ground and three excited states for each ion from bare 
till B-like ions. The differential equation for the ion popu-
lation fraction PZ (k) of the level k can be written as: 
 
( ) ( ) ( )kPBiPB
dt
kdP
Zkk
Z i
Zik
Z
−=
'
'
  (1) 
where the coefficients Bik are the rates of the atomic proc-
esses occurring between the level k of the ion Z and the 
level i of the ion Z´ and  Bkk denotes a sum of the atomic 
processes, which depopulate the level k of the ion Z.  
The ion mean charge is defined as follows: 
 
( ) ⋅=
z k
Z ZkPZ   (2) 
Calculations of PZ (k) and <Z> were carried out 
for different Ca-projectile energies (4.0 - 11.4 MeV/u) 
and different densities of SiO2 target. Figure 1 shows the 
charge state distribution of 6 MeV/u Ca ions propagating 
in SiO2 of 1023 and 1019 at/cm3 target densities. The Ca 
ion mean charge is <Z>=19.1 at solid density and 17.34 
at gas density. 
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Fig.1 Charge state distribution of 6 MeV/u Ca ions 
propagating in SiO2 target with densities of 1023 at/cm3 
(solid) and 1019 at/cm3 (gas). 
The reasons for the dependence of the ion charge state 
on the target density have been analyzed numerically. 
Figure 2 shows the total ionization and capture rates in 
Ca+19 versus the target density for two projectile energies. 
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Fig. 2. Calculated total ionization and bound electron 
capture cross sections of Ca19+ ions interacting with SiO2 
as a function of the target density. Total cross sections are 
normalized to those at a low target density of 1015 at/cm3.  
 
Total ionization rates of ions were defined by: 
( ) ( ) ..,*00 ++= nPnP ionnionntotalion σσσ  (3) 
    Here 0nP  and 
*
nP   are the population fractions of the 
ground and excited states respectively; σion (n) is the ioni-
zation cross section from the level with the principal 
quantum number n. With growing target density, colli-
sions lead to higher population of the ion excited states 
*
nP  having low electron binding energies. This results in 
a strong enhancement of the total ionization cross section.  
 Collision processes lead to the suppression of the capture 
of the target bound electron to projectile excited states 
and as a consequence to the reduction of the total bound 
electron capture rates: 
( ) ( )( ),1/ nn
n
EC
total
EC βσσ +=   (4) 
Here σEC(n) is the cross section of the bound electron 
capture to the ion level n, β(n) is a quenching factor de-
fined as the ratio of the collisional to radiative rates for 
depopulation of the ion excited state. β(n) is proportional 
to the target density and strongly depends on the principal 
quantum number as n7. Only the electron capture into the 
ion energy level with low β(n) contributes to the charge 
change process. Growth of the total ionization rates and 
the suppression of the capture processes at high target 
densities result in an increase of the ion mean charge. 
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Development of a Monte Carlo code to describe the charge state distribution
evolution of argon ions in a carbon plasma
A. Frank1, A. Blazevic2, D.H.H. Hoffmann1, V.V. Vatulin3, O.A. Vikurnov3, A. Kunin3, N.
Zhidkov3, B. Rethfeld4, and M. Roth1
1TU Darmstadt; 2GSI, Darmstadt, Germany; 3VNIIEF Sarov; 4TU Kaiserslautern
Introduction
An important field of research of the plasma physics
group at GSI is the interaction of heavy ions with laser-
produced plasmas. Especially the energy loss of argon in
carbon plasmas has been investigated recently ([1]) at Z6
and new precise data has been obtained. A crucial pa-
rameter in heavy ion stopping in the intermediate velocity
regime is the actual charge state of the projectile ion at ev-
ery location in the plasma. Therefore a Monte Carlo code
describing the charge state evolution of argon ions pene-
trating a carbon plasma has been developed.
Development
In 2002 cross sections for electron capture, ionization,
excitation and decay were obtained from the measurements
of charge distributions of argon ions of 4 MeV/u penetrat-
ing thin carbon foils at HMI ([2]). Since these measure-
ments concentrated on the non-equilibrium part of the ion
charge state evolution, the cross sections can be obtained
absolutely from these results. To describe the charge state
evolution in carbon foils, the cross sections are calculated
by the ETACHA code ([3]). A Monte Carlo method de-
scribing projectile charge states in cold matter has been de-
veloped in [4] and [5]. This code has now been modified in
the following way:
• Calculated density and temperature profiles of the ex-
panding plasma are used as target matter. These sim-
ulations have been performed by our colleagues from
Sarov.
• In the ionization and in the excitation cross section
calculation the target screening is reduced due to the
average ionization of the plasma.
• In the mechanical electron capture calculation the tar-
get screening is adjusted and the amount of electrons
available for recombination is reduced.
• Theoretically calculated cross sections for electron-
impact ionization, dielectronic recombination and
three-body recombination are added to the code.
Results of calculations
The calculations have been carried out for a carbon foil
of 0.5 µm thickness. It is irradiated by a 50 J, 1.064 µm
laser pulse with 10 ns FWHM, the same situation as in the
energy loss measurements of [1]. The results show a clear
increase of the argon mean charge state compared to the
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Figure 1: spacial evolution of each argon charge state in a
carbon plasma target (9ns after beginning of laser pulse)
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Figure 2: mean charge state of argon (9ns after beginning
of laser pulse)
average cold gas state (≈ 15.14) as soon as the carbon foil
is ionized. When the average ionization of carbon crosses
Z¯ = 4 the recombination cross sections are significantly
reduced. If the matter is hot enough, as shown in fig. 2, the
resulting mean charge state clearly exceeds even the equi-
librium charge of argon in solid carbon (≈ 15.66) since the
carbon plasma is now almost completely ionized. The evo-
lution of each argon charge state is presented in fig. 1.
So the results of the simulations support an increased stop-
ping power for larger times compared to the solid state
when most of the target has been sufficiently heated. The
reason for this is not only the excitation of plasmons but
also a higher charge state of the argon ions passing through
the plasma.
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Energy loss measurements of ions penetrating plasmas 
have become an interesting field of research, especially 
since the concept of the heavy ion driven Inertial Con-
finement Fusion had been developed. Earlier experiments 
of ions interacting with discharge or pinch plasmas [1] 
showed an increase of the projectile stopping power com-
pared to cold matter. To extend the data base of experi-
mental results to higher plasma densities and temperatures 
and hence test different theories, the plasma physics 
group at GSI has devoted its effort to the investigation of 
the interaction of ions penetrating laser generated hot and 
dense plasmas (Tpl > 150 eV, rfree electrons > 10
20 
cm
-3
). 
Therefore nhelix [2], a Nd:YAG laser with an energy of 
up to 100 J, a pulse length of 5 to 15 ns, focused to a large 
spot of 1 mm diameter, is irradiating a thin (0.5 to 2 m) 
carbon foil to produce a carbon plasma. The Unilac ion 
beam, preferably consisting of Ar ions at an energy of 4 
MeV/u, is probing the target. As the ion beam pulse 
length is several tens of microseconds, consisting of mi-
crobunches with a length of 3 ns (FWHM) at a frequency 
of 108 MHz the target is probed each 9 ns, beginning with 
cold solid matter over plasma creation, plasma expansion 
up to vacuum conditions with no target matter in the line 
of sight of the projectiles. By measuring the time of flight 
of the ion bunches one gets the energy loss of the projec-
tiles in cold matter, in different plasma conditions during 
expansion and finally the initial beam energy in one sin-
gle experiment. 
Several improvements in the experimental setup during 
the last years now lead to successful and reliable results. 
To generate a more homogeneous plasma for the ion 
beam a random phase plate was included into the laser 
beam line creating a homogeneous laser intensity profile 
over the large focal spot.  Additionally the ion beam di-
ameter could be reduced to 0.5 mm by developing a new 
diamond based semiconductor detector with a high sensi-
tivity and sub nanosecond time resolution. Especially 
these two improvements led to an increase of the energy 
resolution of the experimental method to dE/E<1%. 
Experiments have been performed with 
36
Ar projectiles 
at an energy of 4 MeV/u penetrating a carbon plasma cre-
ated by irradiating 0.5 to 2 mm thick carbon foils with a 
laser energy of 50 J. The delay between the laser and a 
micro bunch could be varied with an accuracy of 1 ns. 
 Figure 1 shows the measured energy loss data of 4 la-
ser shots on a 0.5 m thick carbon foils, where the laser-
ion delay was shifted always by 2 ns, and a SRIM calcu-
lation in cold gas with the same density profile (taken 
from hydrodynamic simulations).  
 ____________________________  
* Work supported by ISTC 2264 
The triangles show the energy loss data, the solid 
curves below represent the temporal profile of the laser. 
As the four carbon foils did not have exactly the same 
thickness, the energy loss data is normalised to the energy 
loss in the cold foil (100% corresponds to 1.8 MeV). 
  
Figure 1: Experimental data on the energy loss of Ar ions 
at 4 MeV/u penetrating a carbon plasma. The enery loss is 
scaled to the energy loss in the cold solid foil (1.8 MeV). 
 
The first five triangles represent the energy loss of the 
projectiles in the cold, solid C foil. Right after the onset of 
the laser pulse, at the beginning of the plasma creation,   
the energy loss decreases. The reason for that is not yet 
understood. We did some experiments (change of the la-
ser irradiation direction, measurement of the transmitted 
light) to test some possible explanations, but the problem 
is not yet solved. Few nanoseconds later the energy loss 
increases again and rises to values above the ones of the 
cold foil reaching its maximum of 130% at about 13 ns. 
Considering that at that time the plasma is expanding and 
the line integral (mg/cm²) is decreasing slowly, the plasma 
effect (increase of the stopping power in plasma com-
pared to cold matter) is estimated to be about 40-50%. 
Two mechanisms contribute to this plasma effect: 
 an effective energy transfer to the free elec-
tron gas (plasmon excitation). 
 an increase of the projectile charge state due 
to a suppression of the electron capture and an 
increase of the ionization cross sections for 
the projectile in a fully ionized plasma [3]. 
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Introduction 
In this work we present measurements of the interaction 
of a picosecond laser pulse with a solid target. Time inte-
grated x-ray spectra and pinhole images are compared 
with collisional radiative and radiation hydrodynamics 
simulation codes in order to characterize the plasma prop-
erties in terms of density and temperature. 
 
Experimental Setup 
The experiment was carried out at the Central Laser Facil-
ity at the Rutherford Appleton Laboratory (UK). 30 mJ, 
15 ps, 532 nm, s-polarized laser pulses from a 10 Hz Con-
tinuum Leopard-D10 Nd:YAG laser system were focused 
on a solid titanium slab (30 x 15 x 3 mm
3
) to a spot di-
ameter of ~25 m at a nominal intensity of 10
14 
W/cm
2
. 
Pulses at fundamental frequency (1064 nm, 70 mJ) are 
also used in the experiment. A highly orientated pyrolytic 
graphite (HOPG) crystal in 002 orientation [1] coupled to 
a Fujifilm TR2040 image plate detector [2] measured Ti 
K  line emission at 4.51 keV, its satellites, and the Ti K  
line at 4.93 keV. The overall spectral resolution was 
E/ E~350. An x-ray pinhole camera consisting of four 
pinholes was used to monitor the radiation temperature. 
Different filter materials in each pinhole provided spectral 
information in the energy range up to a few keV. To 
achieve good signal-to-noise ratio, the signal was inte-
grated over a large number of shots.  
 
Results 
The 1D radiation hydrodynamics code HELIOS [4] was 
used to simulate the titanium plasma. It predicts a maxi-
mum radiation temperature of Tr~70 eV and a maximum 
electron temperature of Te<150 eV. The mass density is 
varying from 0.001 to 0.1 g/cm
3
 in front of the target. Fig. 
1 shows the measured calibrated titanium spectrum at 
different irradiation intensities and laser wavelength. All 
spectra were rescaled to equal intensities of the K  lines. 
We clearly see that the spectra taken with 532 nm irradia-
tion show a large number of satellites lines up to the He  
line.  In contrast, at 1064 nm illumination only the K  to 
K  lines appear with a few additional satellite lines near 
the K  emission. The collisional-radiative code FLYCHK 
[4] was used to estimate plasma conditions in combina-
tion with the experimental data. Best agreement with the 
experimental data in terms of intensity ratio and line posi-
tion is obtained by assuming that most of the inner shell 
emission comes from a plasma with Te~12 eV and 
~0.01g/cm
3
. While K-shell lines are produced by hot 
electron collisions, the emission in the 4.55 to 4.75 keV 
region is associated to thermal ionization of the titanium 
plasma. Best agreement with the experimental data in 
terms of satellites is obtained with an electron 
 
 
temperature of Te=180 eV and a density of 0.45 g/cm
3
. As 
the wavelength of the laser is increased we see from Fig. 
1 a reduction in the satellite emission. For 1064 nm illu-
mination higher hot electron temperatures and backscatter 
fractions are predicted [5]. We thus speculate that for the 
1064 nm case there is a reduced overall coupling effi-
ciency of the laser energy into thermal heating. The inte-
grated measured emission from each pinhole, Fi, of the 
multi pinhole camera was used to extract a value for the 
radiation temperature of the emitting plasma by a 
2
 
minimization procedure: 
3
1
2
0 /
3
2
)()(
1
i i
F
iTkEi
dEERET
e
E
AF
rB
, 
where A is a constant, T
i
F
 the filter’s transmission curve, 
R the detector energy response [3] and 
i
 experimental 
uncertainty in the data. We obtained radiation tempera-
tures T
r
 between 35eV and 60eV for different irradiation 
intensities. HELIOS predicted a maximum radiation tem-
perature of 70 eV for an intensity of 4.5x10
14 
W/cm
2
 
which is comparable to the measured values. 
 
References 
[1] A. Pak et al., Rev Sci Instrum 75, 3747 (2004). 
[2] J. Miyahara et al., Nucl Instrum Meth A 246, 572 (1986). 
[3] N. Izumi et al., Rev Sci Instrum 77 (2006). 
[4] J. J. MacFarlane, I. E. Golovkin, and P. R. Woodruff, J 
Quant Spectrosc Ra 99, 381 (2006).  
[5] W. L. Kruer, The physics of laser plasma interactions 
(Westview, Boulder, Colo. ; Oxford, 2003). 
Figure 1: Ti Spectra, 1064 nm @70 mJ (blue/squares), 
532 nm @33 mJ (red/circles), 532 nm @13 mJ 
(black/triangles)   
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Experiments with laser heated hohlraum targets
G. Schaumann1, A. Blazˇevic´2, T. Hessling1, A. Pelka1, A. Scho¨kel1, D. Schumacher1, and M. Roth1
1TU-Darmstadt, Germany; 2GSI, Darmstadt, Germany
One major research activity of the plasma physics group
at the Gesellschaft fu¨r Schwerionenforschung (GSI) con-
centrates on the investigation of phenomena concerning the
interaction of heavy ions with hot and dense plasma. The
laboratory at GSI offers the unique opportunity to mea-
sure the charge state distribution and the energy loss of
swift heavy ions after they have penetrated a hot and dense
plasma [1]. Until now, the plasma has been generated
through direct irradiation of a solid density foil target by
the high energy laser system Nhelix. As the laser with a
wavelength of 1064 nm can permeate the plasma up to an
electron density of 1/100 of solid state density, the laser
energy only heats the surface of the target. Alternatively
Figure 1: Spherical gold hohlraum (750µm diameter) with
diagnostic port (160µm) and laser entrance hole (330µm).
one can utilize a hohlraum target (figure 1) in order to con-
vert the laser energy in thermal radiation which serves as
the radiation source to heat the actual plasma target for
the ion beam. Laser heated hohlraum targets allow for the
production of radiation temperatures with maximum spec-
tral emission in a wavelength range of a few nanometer.
This radiation can homogeneously heat the entire volume
of a thin foil target. Furthermore, a hohlraum converter is
beneficial as it destroys the coherence of the primary laser
light. Coherent laser light will always show spatially inho-
mogeneous heating due to interference patterns, whereas
the homogenous radiation field in a cavity with its incoher-
ent thermal radiation does not produce localized intensity
peaks due to such interference. Therefore, the concept of
indirect heating allows for the production of a spatially ho-
mogenous plasma near solid state density.
A lithographic procedure was developed at TU Darmstadt
[2] that enables the production of gold hohlraum targets
of varied size and shape. First hohlraum experiments have
been carried out at GSI with the Nhelix laser system and tar-
gets of spherical geometry (750µm diameter, 10µm wall
thickness), which aimed at characterising the temporal pro-
file of the thermal radiation temperature [3]. To measure
the radiation temperature profile, a spectrometer with high
time resolution was developed and calibrated in terms of
absolute intensity units with a deuterium-lamp. While the
laser heats the cavity, the rise in temperature was measured
with a time resolution≤1 ns up to a maximal radiation tem-
perature of 73± 8 eV/kB (85× 104 C). Figure 2 illustrates
the evolution of the temperature until the heating pulse ends
at t = 5 ns. At later times the temperature is both, unde-
fined in terms that one can not assume a Planckian radia-
tion distribution any more, and technically not measurable,
as the source size changes with plasma blowing off the di-
agnostic port of the holraum.
For this particular Hohlraum geometry, the conversion ef-
ficiency (with time resolution) of laser energy to thermal
energy of the hohlraum radiation has been derived from
the measurements of radiation temperature evolution. With
a laser entrance hole of 330µm and a diagnostic port of
160µm, the conversion efficiency reaches 74% at the end
of the heating pulse. With this converter geometry 14% of
the laser energy converted to thermal radiation is available
for the heating of a secondary target.
Figure 2: Temporal shape of the Nhelix laser pulse
(13 J / 532 nm) and of the hohlraum temperature.
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Multiframe interferometry as a diagnostic to measure the free electron density
in laser generated plasma
G. Schaumann1, T. Hessling1, A. Pelka1, A. Scho¨kel1, D. Schumacher1, and M. Roth1
1TU-Darmstadt, Germany
The investigation of phenomena concerning the inter-
action of heavy ions with plasmas is a key research ac-
tivity of the plasma physics group at the Gesellschaft fu¨r
Schwerionenforschung (GSI). The laboratory at GSI offers
the unique opportunity to measure the charge state distribu-
tion and the energy loss of swift heavy ions after they have
penetrated a hot and dense plasma [1]. The laser induced
plasma expands considerably on a nanosecond timescale,
which leads to significant changes of the plasma parame-
ters along the projectile-plasma interaction path. This re-
quires plasma diagnostics sophisticated enough to measure
key plasma parameters such as temperature and free elec-
tron density with both space and time resolution during the
interaction time.
The density of free electrons is an important plasma param-
eter for the theoretical description of energy loss in ionised
matter. An interferometer was developed and constructed
to determine the electron density with spatial resolution,
and for the first time simultaneously at different times [2].
This diagnostic provides images of the interference pat-
tern with a time difference of 1.5 ns and allows determi-
nation of the free electron density up to a maximum den-
sity of 3 × 1020cm−3. Figure 1 shows the experimental
separating mirrors
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Figure 1: Experimental setup of the multiframe interferom-
etry.
setup of the multiframe interferometry. Before the interac-
tion of the probe beam with the plasma, the pulse of the
Nd:YAG laser is frequency tripled, giving a wavelength of
355 nm. This wavelength corresponds to a critical electron
density (nec[cm
−3] ≈ 1× 1021/λ2[µm]) of 8× 1021cm−3
up to which the probe beam theoretically can permeate the
plasma. In practice, the actually measurable maximum
electron density is lower and mainly limited by dynami-
cal effects due to the relatively long pulse duration (0.5 ns)
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Figure 2: Spatial electron density distribution.
in comparison to the time scale of the plasma expansion.
The time resolution of every single image is given by the
0.5 ns (FWHM) pulse duration of the diagnostic laser,
while the time in between two frames corresponds to the
time of circulation in the optical ring. As the pulse is circu-
lating in the ring a half wave plate gradually turns the polar-
ization direction at each turn and part of the pulse energy is
transmitted at the second polarizer. The inset image in fig-
ure 1 shows the pulse train generated in the optical ring. In
order to be able to separate these pulses spatially, the ring is
adjusted so that the subsequent pulses leave the ring under a
small angle with respect to each other. At the plasma posi-
tion the different beams sufficiently superimpose, while in
the far field, at the focal position of the first imaging lens,
it is possible to separate the subsequent pulses with micro
mirrors. A separate Wollaston interferometer [3] for each
pulse measures the optical path difference induced by the
interaction with the plasma, which allow for the calculation
of the free electron density.
Figure 2 illustrates spatial electron density distributions
perpendicular to the target surface at the centre of the Gaus-
sian focal spot of the heating laser pulse. The three distribu-
tions correspond to the first three pulses and show the time
evolution of the free electron density measured at the same
experiment, within a single shot of the plasma generating
laser.
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Focusing and transport of laser-accelerated protons with quadrupoles
M. Schollmeier1, S. Becker2, M. Geißel3, K. Flippo4, A.Blazˇevic´5, F. Gru¨ner2, K. Harres1,
F. Nu¨rnberg1, P. Rambo3, U. Schramm6, J. Schreiber2, J. Schu¨trumpf1, J. Schwarz3,
B. Atherton3, M. Roth1, D. Habs2, and B.M. Hegelich2,4
1TU, Darmstadt, Germany; 2LMU, Mu¨nchen, Germany; 3SNL, Albuquerque, NM, USA; 4LANL, Los Alamos, NM,
USA; 5GSI, Darmstadt, Germany; 6FZD, Dresden, Germany
The acceleration of MeV-protons and heavier ions by the
interaction of an intense laser pulse with a foil target is a
well-known phenomenon that has been extensively studied
in the last decade. The interaction of a high-energy, high-
intensity (I > 1018 W/cm2) laser pulse with a solid target
leads to the acceleration of an ion beam in a very robust
and reproducible way with up to 1013 protons in total. The
conversion efficiency of laser energy to proton energy can
reach up to 10%, which makes these beams very attrac-
tive for applications, e.g. an injection into a synchrotron,
which is an experimental scheme of great interest for GSI.
However, the beam has a 100% energy spread, is very short
on the order of ps, has a divergence up to 40o half angle
and is neutralized by co-moving electrons. All these issues
have to be overcome for a real application as an accelerator.
There have been attempts to reduce the energy spread [1, 2]
by reducing the source size and layer thicknesss that lead
to “quasi-monoenergetic” ion beams with poor number of
ions and conversion efficiency. Another attempt [3] demon-
strated focusing and energy-selection of laser-accelerated
protons by irradiating a tiny cylinder behind the target with
a secondary, high-intensity laser beam. The cylinder acts
as an electrostatic lens and focuses protons with a certain
energy. However, this approach currently is not well un-
derstood and depends strongly on the interplay of the two
laser pulses that makes it difficult for an application.
A solution of these issues is the use of a more traditional ion
optical system to catch and transport the beam, e.g. into a
buncher section several cm behind the target. This reduces
the divergence and removes the electrons. The drift of the
beam increases its pulse duration, making it suitable for
standard accelerator ion optics. We have used novel perma-
nent magnet mini-quadrupole (PMQ) lenses with a 5 mm
aperture developed by LMU in Munich [4], in a demon-
stration experiment to transport and focus laser-accelerated
15 MeV protons. The quadrupoles as ion optics allowed
us to apply standard ion optical codes for the design of the
beam line without relying on the laser-plasma interaction.
The initial experiment was carried out at the 250 TW Tri-
dent shortpulse laser at Los Alamos National Laboratory
and was continued at the 100 TW section of Z-Petawatt at
Sandia National Laboratories. Z-Petawatt delivered 40 J
laser energy on target and was focused by an off-axis
parabolic mirror to a beam spot of 5µm FWHM. The pulse
had an intensity I > 5 × 1019 W/cm2. The target was a
25µm thin Cu-foil; the proton beam was diagnosed with
a stack of absolutely calibrated radiochromic films (RCF).
The resulting spectrum was fit to
Figure 1: Experimental set-up.
dN/dE = N0(2E kBT)
−1/2 exp
[
−(2E/kBT)
1/2
]
, with
the fit parameters N0 = 4.9× 1012 and kBT = 1.24MeV.
The maximum energy was 24 MeV and the conversion effi-
ciency for protons over 4 MeV was 1%. Two PMQ’s were
placed in the target chamber that focused 15 MeV protons
in a distance of 50 cm behind the target. The scheme is
shown in Fig. 1. Since the PMQ’s were originally devel-
oped for electrons, their focusing strength is rather weak
for the protons and the aperture size is not optimally de-
signed for this beam. However, the 15 MeV protons could
be focused to a (173 × 286)µm focal spot that contained
8 × 105 ions. The intensity distribution is shown in Fig. 2
and contains 100 times more protons/mm2 as in the case
without the magnets. For a magnetic lens system specifi-
cally designed for this purpose, even higher numbers can
be expected.
Figure 2: Intensity distribution of focused 15 MeV protons.
In summary we have demonstrated for the first time the
transport and focusing of laser-accelerated protons with
quadrupole lenses. The proton’s divergence was reduced
and they were transported over a relatively long distance,
where an injection into a buncher section to reduce the en-
ergy spread while maintaining the high ion number could
take place.
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Beam quality enhancement of laser-accelerated protons
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The generation of multi-MeV protons produced by the
TNSA (target normal sheath acceleration) regime using an
ultraintense (>1018W/cm2) laser as the driver has gained
great attention over the last years. It was shown that for
most of the interesting applications a better control of the
beam parameters is of main interest. Initial success in ac-
tive manipulation of the spatial energy distribution of the
beam by using an ablation ns laser pulse combined with
the driver laser was noticeable [1]. Furthermore theoreti-
cal studies have shown that it is also possible to shape the
spectral energy distribution by use of a double pulse ar-
rangement with two fs pulses [2].
Figure 1: Experimental set up at the Vulcan Petawatt laser
facility. The beam is focused using a f/3 off-axis parabolic
mirror, with contrast enhancement provided by a plasma
mirror. The inset shows the ring of the ablation pulse that
is centered around the CPA focus.
We report on further investigations on controlling the beam
shape by using an ablation ns laser pulse. All experi-
ments were carried out at the Vulcan-Petawatt laser facility
at the Rutherford Appleton Laboratory in Didcot, United
Kingdom. The short pulse delivers intensities up to I =
4×1020W/cm2. To change the spatial energy distribution
of the proton beams a ns ablation pulse with intensities I =
1011-1013W/cm2 was shot on the front surface of the tar-
get directly before the short CPA pulse (delay = 0.5-6 ns)
to create a long scale pre-plasma that was then heated by
the short pulse. Figure 1 shows the experimental set up and
one of the focal geometries of the ablation pulse. To pro-
duce a homogeneous pre-plasma the focus of the ablation
pulse was formed with phase plates to a ring or a disc. The
detection of the proton beam was done with stacks of ra-
diochromic films [3] and thomson parabolas [4]. Figure 2
shows the eighth RCFs from two RCF stacks after the irra-
diation. One from a reference shot with the short pulse only
(left), the second one from a shot with the ablation pulse in
front (right). It is clearly visible that the spatial distribution
of the beam gets more homogeneous. Actually it changes
from a more gaussian shape to a more flat top shape [1].
Two proton beam line profiles of the sixth RCFs are shown
in figure 3.
Not only that a significant improvement of the beam quality
was achieved but also the maximum proton energy was in-
creased by nearly 20% from 26MeV to 32MeV. The short
pulse laser energy on the target was 184 J in both cases.
It was shown that the shaping of the proton beam to a more
flat top profile is possible, that would be advantageous in
applications like proton radiography and imaging.
with long pulse
I = 2x1012 W/cm2
3.6 ns delay
Emax = 32 MeV
without long pulse
Emax = 26 MeV
Figure 2: Eighth RCFs from two RCF stacks after the irra-
diation with the proton beam. The beam produced by the
shot with the ablation pulse is much more homogeneous.
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Figure 3: Proton beam line profiles from the sixth RCFs
(proton energy 10.4MeV). The more gaussian shape (left,
without long pulse) was changed to a more flat top (right,
with long pulse).
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Investigation of Ti K-shell X-rays induced by keV electrons 
Y. Zhao#1, 2, O. N. Rosmej1, J. Jacoby3, B. Sicherl3, A. Mayr3, D. H. H. Hoffmann1, 4 
1IMP-Lanzhou, China; 2GSI-Darmstadt, Germany; 3Frankfurt University, Germany;4TU-Darmstadt, Germany.
The development of X-ray diagnostics for investiga-
tions of Warm Dense Matter (WDM) is one of the impor-
tant goals for the FAIR program of the Plasma Physics 
Department. Due to the high absorption of the radiation in 
bulk matter, high energetic X-rays such as K-shell radia-
tion of mid- and high Z elements have to be used. K-shell 
self radiation of highly ionized ions is traditionally used 
for the diagnostics of high temperature ideal plasma [1]. 
Strongly non ideal WDM is characterized by a density 
close to solid density, a temperature of some eV, and a 
rather low degree of ionization. Self radiation of such 
plasmas is in the VUV photon energy region and will be 
trapped in the target. Kα and Kβ radiation induced by en-
ergetic electrons or protons is a promising toll for WDM 
diagnostics. The relative intensity of the Kα and Kβ char-
acteristic lines as well as the energy gap between them 
depends on the ionization degree of the heated matter [2]. 
Experimental K-shell spectra of a Ti target irradiated by 
30 mJ, 15 ps, 532 nm, s-polarized laser pulses from a 10 
Hz Continuum Leopard-D10 Nd:YAG laser system [3] 
show this behavior of Kα  and Kβ   radiation.  In dense ion-
ized plasma, one has to account for corrections to the ion 
energy level shifts [4]. In future experiments, an X-ray 
diagnostic system combining a Si(Li) detector and a crys-
tal spectrometer will be introduced for measurements of 
the target K-shell radiation. 
 For this propose the Ti K-shell X-rays induced by keV 
electrons has been investigated both by a Si(Li) detector 
and by a Focusing Spectrometer with Spatial Resolution 
(FSSR) [1]. Electron beams with energy ranging from 
1keV to 15keV and with a current of about 100 uA were 
produced by an electron gun. A Mylar foil with a thick-
ness of 100um was used as the vacuum window, with a 
transmission of ~55% for Ti K-shell X-rays. For the Si(Li) 
used in this experiment, a resolution of 160eV and an 
efficiency of ~93% at 5.9keV has been measured by a 
standard radioactive  source Fe55.  
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Figure 1: X-ray spectrum in case of 11keV electrons im-
pacting on a Ti target.
 
 
The spectral resolution provided by the mica spheri-
cally bent crystal spectrometer was better than 3 eV at 4.5 
keV photon energy. At the experimental K-shell spectrum 
shown in fig. 1, Ti - K  1 and  - K  2 radiative transitions are 
well resolved.  
In future experiments aimed at the measurement and 
analysis of the K-shell radiation in WDM, we will com-
bine the advantages of the Si(Li) detector providing abso-
lute yield of the K-shell radiation and  those of the FSSR, 
having high spectral resolution.  
On the other hand, knowledge about the dependence of 
the cross-sections for inner shell ionization by electron 
impact is important for fundamental research and applica-
tions [5]. In experiments, the K-shell X-ray yield depend-
ence on the electron energy has been measured using the 
Si(Li) detector. Ultra-thin Ti foils with a thickness of 11 
and 18 nm were used as a target, K-shell radiation was 
induced by a mono energetic electron beam. Results are 
presented in Fig.2. The data in the figure have been nor-
malized to the foil-thickness; and the error bars in the 
figure only take account of the uncertainty of the beam 
intensity.  
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Figure 2: K-shell X-ray yield as the function of electron 
beam energy. 
Theoretically [5], the cross-section of K-shell ioniza-
tion depends strongly on the electron energy, and the 
maximum cross-section would take place when the elec-
tron beam energy is about twice the K-shell ionization 
energy (~10keV for Ti). The result shows the case accord-
ingly. 
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Conversion efficiencies of electron beam energy to vacuum ultraviolet
light for Ne, Ar, Kr and Xe excited with continuous electron beams
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Excitation of rare gases at pressures of 100mbar and
above leads to emission of broad-band continua in the vac-
uum ultraviolet (VUV) spectral region (Fig. 1). They are
dominated by the so called 2nd excimer continua. The
word excimer describes an excited diatomic molecule with
a repulsive ground state. Rare gas molecules exist only in
excited states (except for a shallow Van der Waals mini-
mum in the ground state). The transition to the ground
state leads to the VUV emission and subsequent breakup
of the molecule. Since the quantum efficiency is high and
loss channels in the reaction chain leading to excimer for-
mation are weak, highly efficient VUV lamps can be real-
ized using this emission. Theory predicts efficiency values
for rare gas excimer lamps on the order of 70%. Efficiency
η is defined here as the ratio of power emitted in the 2nd
excimer continuum and the power deposited in the gas.
Fig. 1: Second continuum excimer emission from Ne, Ar, Kr and Xe
at 1200 mbar
An experimental setup to study fluorescence of gases un-
der electron beam excitation has been constructed. An
electron beam (5µA, 12keV ) from an electron gun was
sent through a thin ceramic membrane into a gas cell [1].
The stopping of the electron beam in the gas leads to
excitation of rare gas atoms and subsequent VUV emis-
sion. The fluorescence emission was spectrally resolved by
a monochromator (Fig. 1). The spectra show, that the
gases are free from impurities. An absolutely calibrated
Si photo-detector was used to measure the power of VUV-
light emitted by the rare gases. A glass filter (not transmis-
sive in the VUV) was used to separate the VUV excimer
emission from visible and near infrared radiation which
is produced by the excited rare gas atoms. Another filter
was used to verify that the influence of x-rays on the detec-
tor was negligible. Therefore, the power of VUV emission
could be determined separately. The excitation power was
in a first step determined by measuring the electron beam
current after transmission through the membrane using a
Faraday cup.
The final value for the power deposition in the gas was
simulated using the program package Geant4, taking the
energy loss of the electrons in the foil and the backscatter-
ing of electrons from the gas volume into account. A prob-
lem concerning the VUV-power measurements was, that
the membrane reflects VUV light. Therefore, the Si photo
detector detected additional light which was reflected off
the membrane, leading to an overestimation of VUV light
emitted into 4pi. This issue was solved by measuring the
reflectance of the membrane in the VUV wavelength range
and correcting the light signal accordingly. Another aspect
is that the light emitting volume becomes large at reduced
pressures. Therefore, the light source could no longer be
treated as being point-like. However the spacial distribu-
tion of the light emitting volume could be simulated using
the program Casino [2] and the detector signal was cor-
rected using these simulation data. The final efficiency
results are shown in Fig. 2.
η
η
Fig. 2: Conversion efficiencies for the VUV emission from Ne, Ar, Kr
and Xe.
The efficiencies η were found to be pressure indepen-
dent for values above 600mbar (Fig. 2): ηNe = (0, 31 ±
0, 06), ηAr = (0, 33 ± 0, 04), ηKr = (0, 42 ± 0, 05) and
ηXe = (0, 42± 0, 05) [6]. The efficency values obtained for
Ar, Kr and Xe are close to the theoretical maxima given
in literature [3,4,5]. To our best knowledge no value has
been previously published for Ne.
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Influence of pressure on relative populations of vibrational levels of the
N2 (C
3Πu) state of nitrogen for electron beam excitation
A. Morozov a, T. Heindl a, J. Wieser b, R. Kru¨cken a, and A. Ulrich a
a Physik Department E12, Technische Universita¨t Mu¨nchen, 85748 Garching, Germany
bCoherent GmbH, Zielstattstrasse 32, 81379 Mu¨nchen, Germany
Excitation of molecular nitrogen by electron beams or
electrical discharges leads to strong light emission on N2
C 3Πu → B
3Πg transitions, the so called second positive
system (SPS). Excitation mechanisms which populate vi-
brational levels of the C 3Πu state in addition to electron
impact excitation received very little attention. The ex-
istence of strong vibrational relaxation within the C 3Πu
state due to collisions with ground state N2 is claimed in
two papers [1,2], while it was found in Ref. [3] that the
vibrational relaxation is very weak.
We have investigated the presence of extra excitation
mechanisms by measuring the pressure dependence (10 -
1400 hPa) of the ratio of photon fluxes for vibrational levels
0 and 1 and time evolution of the SPS emission. Excita-
tion of nitrogen was performed with low energy (12 keV)
electron beams (dc and pulsed), which enter the target gas
through a 300 nm thick silicium nitride foil [4].
Our experiments show that when nitrogen is excited
with 5 ns electron beam pulses, there is a noticeable dif-
ference in the time evolution of emission from vibrational
levels 0 and 1 in the early phase of the decay (Fig. 1). Note
that for v′=1 the decay becomes exponential already 5 ns
after the end of a 5 ns excitation pulse, while the v′=0
decay shows an exponential behaviour only after about
25 ns. This fact indicatates that the vibrational levels of
the C 3Πu state (at least v
′=0) are populated not only by
direct electron impact excitation.
Fig. 1: Time evolution of the light emission from 100 hPa N2. The
insert shows the full time range, while the main graph demonstrates
the nonexponential character of the v′=0 emission.
The ratio of photon fluxes F02/F13 for the bands at 380.6
and 375.6 nm is shown in Fig. 2. The fluxes were de-
rived by integrating the photon count rate over the whole
wavelength range of each band for different experimental
conditions (see Fig. 2 caption). As a cross-check of the
experimental procedure and the validity of Aij values, a
synthetic flux ratio F02/F13 was calculated using experi-
mental data for the F01/F12 ratio and taking the corre-
sponding Aij values. The result is shown in Fig. 2 with
star-shaped dots.
The flux data (Fig. 2) are compared with predictions of
a model, where we assume that the only excitation mecha-
nism populating the C 3Πu state is direct electron excita-
tion. The solid and short-dashed lines in Fig. 2 show the re-
sults of the calculation using the quenching rate constants
from the present work and from Ref. [3], respectively.
Fig. 2: Ratio of photon fluxes recorded from the 0→2 and 1→3 tran-
sitions for 5 µA dc current (full dots), 10 µA dc current (full squares)
and 200 ns pulsed operation (open diamonds). The results of calcu-
lations are shown with lines lines (see text).
Comparison of the experimental data with the predic-
tions of the model (solid line in Fig. 2) shows a considerable
difference between the experimental flux ratios and the ra-
tios predicted by the model. This fact confirms the pres-
ence of an excitation mechanism which populates C 3Πu
vibrational levels in addition to direct electron impact ex-
citation. This mechanism might be vibrational relaxation
as described in Ref. [2] which predicts an even larger in-
crease of the flux ratio with pressure (see long-dashed curve
in Fig. 2). However, large uncertainties in the relaxation
and quenching rate constants [2] forbid a quantitative com-
parison of such calculations with the experimental data.
A comparison of our flux data with the results of Ref. [1]
have shown that extra population channels due to quench-
ing of higher electronic states cannot be excluded, in con-
trast to the conclusion made in Ref. [1]. The results pre-
sented in this report are published in Ref. [5].
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Interaction of intense femtosecond laser pulses with iron clusters formed by 
photo-dissociation of Fe(CO)5  
M.B. Agranat, N.E. Andreev, S.I. Ashitkov, A.V. Emelianov, A.V. Eremin, E.V. Gurentsov, 
A.V. Ovchinnikov, A.P. Shevelko, D.S. Sitnikov  
Joint Institute for High Temperature of RAS, Moscow, Russia  
The experimental results of investigation of X-ray ra-
diation provided by interaction of intense femtosecond 
laser pulses with Fe-clusters are presented. A new method 
of iron particles formation at room temperature by the 
photo-dissociation of Fe(CO)5 vapor is applied. The X-
ray radiation was studied using photodiodes and high ef-
ficiency focusing crystal von Hamos spectrometer with a 
CCD linear array as X-ray detector. The results of inves-
tigation of clusters formation, spectral measurements in 
photon energy range E=1÷13 keV and estimation of X-
ray radiation yield are presented.  
One of the key directions of the extensive study of the 
laser-cluster interaction is a creation of compact sources 
of X-ray radiation with high conversion efficiency. Till 
now the most of the experiments were conducted with 
noble gas clusters [1]. In this paper we report the prelimi-
nary results of the experimental investigation of interac-
tion of high power femtosecond laser pulses with large 
iron clusters, which dimensions (40÷60 nm) exceeded 
essentially the skin depth of laser radiation. The new 
technique of cluster formation at room temperature by 
photo-dissociation was applied. Experiments were per-
formed using a TW Cr:forsterite CPA femtosecond laser. 
It provides pulses of 80 fs duration, 90 mJ energy at 10 
Hz repetition rate with intensity contract ratio better than 
106 at 2 ps before the peak of the main pulse and more 
than 104 at 1 ps. [2]. 
The formation of iron particles during the thermal de-
composition of Fe(CO)5 has been investigated in a num-
ber of works. In this paper the new technique of iron par-
ticles formation at room temperature by the photo-
dissociation of Fe(CO)5 vapor was applied [3]. The forma-
tion and growth of iron particles depends on the iron con-
centration, gas composition and pressure. This technique 
of particles synthesis can be very useful for different ap-
plications. 
Under ultra-violet irradiation at the range 200 < λ < 
350 nm a molecule of Fe(CO)5  dissociates to one Fe atom 
and five stable CO molecules, yielding supersaturated 
iron vapor with well-controlled properties. A pressure of a 
saturated vapor of Fe(CO)5 at a temperature 293 K is 
about 20 mbar, and a maximal concentration of molecules 
can approaches ~1018 cm-3. For complete Fe(CO)5 decom-
position an energy of UV radiation about 1.6 J per cm3 is 
required. The absorption cross-section of Fe(CO)5 at a 
range 200÷300 nm is high enough and amounts ~ 5×10-18 
cm2, that allows producing of iron atoms concentration up 
to ~ 1017 cm-3 in a small cell of ~0.4cm3  due to absorption 
of UV pulse of 100 mJ energy. 
The sizes and structure of iron particles were analyzed 
by transmission electron microscopy (TEM) and micro-
diffraction measurements (MDF). The particles were col-
lected from gas phase under the natural gravity conditions 
on the TEM grid deposited on the bottom of the quartz 
cell. In the experiments with pure Fe(CO)5 the particles 
look like the big agglomerates with sizes of 40-60 nm, 
containing 106÷107 iron atoms. MDF has showed that 
their structure is amorphous without any crystallized re-
gions. In Fig. 1 the micrographs (a) and diffraction pic-
tures (b) of the iron particles, formed at different condi-
tions, are shown.  
Fig. 1. The micrographs (a) and micro-diffraction pictures 
(b) of the iron particles formed at 10 mbar of Fe(CO)5 
X-ray spectra were investigated using focusing crystal 
von Hamos spectrometer, described earlier in details in 
[4]. Previously this spectrometer was used for X-ray di-
agnostics of nanosecond laser-produced plasmas and 
study of characteristic K    radiation in bulk targets under 
femtosecond excitation [5]. Spectrometer has high effi-
ciency in a wide spectral range due to cylindrical focusing 
geometry and a high sensitivity long length CCD linear 
array as X-ray detector. The sensitivity of this spectrome-
ter could be 104-106 times higher than those of flat crystal 
spectrometers with photographic film registration [4].  
The experimental setup of laser-clusters interaction is 
illustrated in fig. 2. The jet of iron clusters of 40-60 nm 
size, formed in the same cell and under same conditions 
as described above, and other products of photo-
dissociation of Fe(CO)5 expanded into vacuum through a 
nozzle of 200  m diameter, installed at the end plate of 
the cell, during several hundred milliseconds. At the same 
time a train of femtosecond pulses at 10 Hz repetition rate 
and intensities ~1017 Wcm-2 was focused onto a clusters 
jet by aberration corrected, antireflection coated three lens 
objective with a focal length of 100 mm in a spot of 10  m 
diameter at e-1 level. Spatial distribution of attenuated 
radiation in focus of the objective was investigated by 
CCD camera.  
The measurements have shown that only three or four 
X-ray pulses were observed after each UV pulse, so a 
    
(a) (b) 
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time of cluster’s expansion into vacuum didn’t exceed 
300 ms. Femtosecond laser pulses were focused onto a jet 
at a distance of 0.5 mm from a nozzle. Before the meas-
urements we have examined the interaction of high-power 
femtosecond pulses with residual gas in chamber and 
molecules of Fe(CO)5, flowed from the nozzle in absence 
of the UV pulse. In both cases no X-ray signal was de-
tected by photodiode and spectrometer.  
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Fig. 3 Measured spectrum of X-ray radiation from iron 
clusters (30 laser shots, pulse energy EL=40 mJ). 
The cell was filled with gas of Fe (CO)5 at 10 mbar  
pressure and was irradiated by several UV pulses at 1 Hz 
repetition rate. The train of three femtosecond pulses, 
spaced by 100 ms, was focused onto a cluster’s jet after 
each UV pulse with delay of 10 ms. The intensity of fem-
tosecond pulses was ~ 1017 Wcm-2. The relative intensity 
of X-ray pulses was detected by photodiode. X-ray spec-
tra, accumulated for several tens femtosecond pulses, was 
recorded by von Hamos spectrometer. The investigations 
were made at a spectral range 1÷2  in fifth order of dif-
fraction and at 6÷13  in the first order.  
The measurements have shown the absence of lines of 
characteristic K   radiation of iron atoms [6, 7, 8] in the 
spectral range 1÷2 . In a range 6÷13  a broadband X-
ray radiation was detected (fig. 3). Absolute spectrometer 
calibration [4] gave the possibility to determine abso-
lutely intensity scale and to estimate absolute radiation 
yield X (phot/pulse) and conversion efficiency η = 
Ex-ray/EL of laser radiation into X-ray radiation. In as-
sumption of an isotropic source their value was corre-
spondently X ~5×1012 (phot/pulse) and η    0.02. 
According to estimations, during expansion into vac-
uum the diameter of a jet increases up to 0.3 mm at a dis-
tance of 0.5 mm from the nozzle, and an average molecu-
lar speed is increased from 3×104 cm/s to 6×104 cm/s, so 
concentration of iron atoms falls to approximately 
~5×1016 cm-3 [8]. Thus the number of iron atoms in the 
excited volume (estimated by the focal region measured 
at low laser intensity) was ~109 ÷ 1010. More comprehen-
sive measurements and theoretical estimations of X-ray 
generation are in progress. 
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High efficient spin-resolved electron detection with a mini-Mott analyzer 
 R.Berezov, J. Jacoby 
J. W. Goethe University Frankfurt, Institut für Angewandte Physik, 60438 Frankfurt 
Spin-dependent measurements with a polarimeter ob-
tain additional information concerning many physical 
processes like the investigation of parity violation in high 
energy nuclear scattering, spin dependent effects in 
atomic collisions, the analysis of surface magnetization of 
solids or even spin resolved coincidence experiment to 
determine the entanglement of electrons [1]. 
The usual method to determine the electron polarization 
is based on an asymmetry scattering experiment: if a 
beam of electrons is scattered in a Mott polarimeter from 
a high Z-target into two detectors at equal polar angles 
and opposite azimuthal angles [2,3] the scattering may 
yield an asymmetry due to a different spin-orbit coupling 
of the electrons. The electron polarization P transverse to 
the scattering plane is obtained here as  
effSAP /                                                                   (1) 
with  
)/()( RLRLA                                                  (2) 
Where L and R are the number of electrons detected in 
the “left” and “right” counters respectively. The analyzing 
power of the apparatus, Seff, is often called the “effective 
Sherman function”. The experimentally achieved 
Sherman function is even somewhat lower than the theo-
retical value due to multiple scattering in a target foil and 
must be known in advance in order to determine P from a 
measured value of A;
An important parameter for the performance of Mott 
polarimiters is the efficiency İ, it is defined as 
 20/ effSII H                                                            (3) 
Where I0 is the current entering the polarimiter, I is the 
total scattered current measured by the detectors, and Seff
is again the analyzing power of the apparatus. The quan-
tity İ, also known as the “figure of merit,” is proportional 
to the inverse square of the statistical error in an electron 
counting experiment to measure the polarization P of an 
incident beam. Thus, the maximization of İ reduces the 
statistical error in the measured value of P for a given 
number of incident electrons. 
The main problem in polarized electron studies at keV-
particle energy is now not longer the source intensity, but 
rather the low efficiency of usual electron polarimeters, 
like Mott scattering polarimeter. This low efficiency im-
pedes or prevents electron spin resolved coincidence 
measurements because of the necessarily induced random 
coincidences in low efficiency spin detectors. 
We present here the design and performance of a com-
pact mini-Mott spin analyzer. Due to the compact small 
size the cylindrical-electrode Mott polarimeter achieves 
higher detection sensitivity. In turn the increasing effi-
ciency improves the figure of merit.  
In Fig.1 a picture of the compact cylindrical Mott ana-
lyzer is shown:  
Fig.1.Picture of the mini-Mott analyzer. 
The polarimeter is mounted on a CF63 and consists of 
two cylindrical electrodes mounted on an insulator. The 
outer electrode is supposed to be at ground potential, 
whereas a positive potential may be applied to the inner 
cylinder, in order to accelerate low energy electrons. The 
scattering target is mounted inside the inner cylinder. 
Scattered electrons can be detected at the outer cylinder at 
±120°. The analyzer is symmetric with the possibility to 
measure in backscattering and in forward scattering direc-
tion. 
One of the detectors tested for this polarimeter is an ab-
solute XUV Silicon Photodiodes with 100% internal car-
rier collection efficiency. Unlike common p-n junction 
diodes, these diodes do not have a doped dead-region and 
have zero surface recombination resulting in near theo-
retical quantum efficiencies for XUV photons and other 
low energy particles. The AXUV diodes are internal pho-
toelectric devices and hence are less sensitive to minute 
vacuum system contaminants than conventional XUV 
detectors based on the external photoelectric effect.  
As a second type of detectors an electron multiplier 
(Magnum) is used which is applied in a wide variety of 
analytical instruments to detect weak signal from ions, 
electrons and UV photons. The Magnum consists of six 
helical multiplier channels tightly wound around a central 
axis. This tight radius helps to prevent the onset of ion 
feedback, enabling the multiplier to operate in a poor 
vacuum at reduced noise level. 
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A preliminary Study of the Electromagnetic System for Fast Rotation of the 
Focused High Energy Heavy Ion Beam 
 
S.Minaev, A.Golubev, T.Kulevoy, B.Sharkov 
ITEP, B.Cheremushkinskaya 25, Moscow, Russia
The FAIR as well as the ITEP-TWAC projects are 
aiming for the the accumulation of an ion beam in a 
storage ring providing intensities of heavy ions up to 10
11
-
10
12
 particles per pulse for experiments on heavy ion 
beam-plasma interaction related to warm dense matter 
and inertial fusion physics. A hollow cylindrical target 
combined with cylindrical geometry of the energy 
deposition region is required for advanced experiments on 
high energy density physics. This combination can 
provide extremely high density and pressure values on the 
axis of an imploding cylinder. A new method is applied 
for reliable formation of the hollow beam of ~1-2 mm in 
diameter. Heavy ion beam with the energy of around 450 
MeV/u and normalized emittance of 10*  mm*mrad 
delivered by the accelerator facility will be transformed 
by means of fast rotation around the longitudinal axis in 
order to illuminate the ring-shaped area on the target.  
Two multi-cell deflecting RF cavities are proposed to 
obtain the necessary beam deflection in both directions. 
Fig.1 shows the four-cell RF cavity, where deflecting 
plates are installed on the thick stems within cylindrical 
tank. Opposite direction of the deflecting field at the 
adjacent cells is implied for operation mode. 
In order to keep the resonant interaction of the beam 
with the electric field, every cell must be as long as βλ/2, 
where β is the normalized particle velocity and λ is the RF 
wavelength. Provided that a resonant condition is given, 
particles cross all the cell centers at the constant phase of 
the RF field, regularly increasing the transverse 
momentum with the length dependent on the phase value. 
The shape of the plates was optimized for better 
uniformity of the deflecting field across the beam 
channel. 
Fig.2 shows the calculated distribution of the transverse 
electric field at the axis. 
 
 
Fig.1. General view of the four-cell deflecting cavity 
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Fig.2. Deflecting field distribution along the cavity axis 
The calculated RF parameters of the deflecting cavity 
are given by the following Table: 
Operating frequency MHz 298 
Cavity length (internal) mm 1472 
Cavity diameter mm 342 
Quality factor  14000 
Transverse electric field MV/m 2.8 
RF power loss kW 120 
After the beam has passed the RF deflecting field, it has 
to be focused to a small spot on the target. A focused  
rotating beam is already possible in the simple con-
figuration of a quadrupole triplet at room temperature 
behind the RF deflector. Fig.3 shows the calculated 95% 
beam envelopes for such an array in both x- and y- 
directions. 
 
Fig.3. 98% beam envelopes in the deflecting array 
Fig.4 shows the target areas illuminated by the beam at 
the crossover position during one period of RF deflector 
when the deflecting voltage is switched off and on, 
respectively. 
Fig.4. Target areas illuminated by the focused beam (RF 
deflector is switched off and on, respectively) 
Sharper focusing and thinner beam walls at the same or 
smaller inner diameter may be realized by using a 
superconducting triplet or plasma lens. 
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PLASMA LENS OF THE ITEP HEAVY ION ACCELERATOR  
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Yu.Novozhilov1, S.Savin1, P.Sasorov1, B.Sharkov1, V.Yanenko2, O.Pronin2, K.Gubsky2   
1Institute for Theoretical and Experimental Physics, Moscow, Russia 
2Moscow Engineering Physics Institute (MEPHI) Moscow, Russia 
 
 
At ITEP, on the basis of the TWAC-ITEP 
(Terawatt Accumulator) complex, a new 
facility is being built to conduct research at 
high energy densities in matter [1]. 
Installation of a plasma lens in this area of 
research has a number of essential advantages 
in comparison to the traditional system on the 
basis of quadruple lenses [2]. In accordance to 
the principal goals of this project, the 
following activities have been undertaken: a 
pulsed-power generator has been developed 
with unheated thyratrons (pseudospark 
switches) TDI1-150k/25; a stable discharge with 
a current of up to 250 kA and duration of 5 µs 
was achieved in the discharge tube of the 
plasma lens; experimental investigation of the 
plasma lens performance has been conducted 
and the range of parameters has been 
determined, where it is possible to obtain a 
uniform current density with linear 
dependence of the focusing forces. The 
plasma lens has been installed into the exit 
channel of the TWAC accelerator complex 
and has began its testing by focusing of a 
carbon ion beam. The beam spot was observed 
using a quartz scintillator. The emitted scintillator 
light was monitored by CCD framing 
photography. As one of the first results for a 
C
6+
-beam with an energy of 200 MeV/u a 
minimum focal spot diameter of 350 µm 
FWHM has been measured at a target  
__________________ 
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distance of 50 mm from the end of the 
discharge tube. (Fig.1 and Fig.2). 
 
 
 
 
 
 
 
 
 
Fig.1. The beam spot photography 
 
 
 
Fig. 2. Transversal profile of the  focused  
beam (350 µm FWHM) 
 
     The lens parameters were as follows: 
capacitance = 24 µF, charging voltage = 13 
kV, discharge current = 220 kA, current half-
wave = 4 µs, argon pressure = 3 mbar. 
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Investigation of beam induced Argon fluorescence for 215-MeV/u Carbon beams 
at ITEP-TWAC facility * 
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The experimental test of gas-scintillation method for 
beam profile diagnostic has been performed at the 511 
experimental area of the ITEP. Gas filled diagnostic 
chamber (Fig.1) was integrated into the ion beam line in 
front of target station on the TWAC experimental facility 
and separated from the high-vacuum beam pipe by a 
108 Pm metallized kapton foils. This chamber can be 
evacuated to 10-6 mbar pressure or filled with various 
gases up to 1 bar.  A special port on the bottom side 
allows gas to be injected into the chamber. 
A fast current transformer (FCT) is installed in the 
beam line prior to the gas-filed chamber. The FCT is used 
for measuring time profile of the beam with nanosecond 
time resolution and the total number of ions for every 
shot. The intense carbon beam (E0 = 215 MeV/u, 
W | 700 ns, N | 2 - 3  109) is focused to a 2-millimeter 
spot in the chamber by a quadruple doublet.  
12-bit CCD cameras (SDU-285 with SONY CCD 
ICX285AL matrix) is installed perpendicular to the beam 
axis and equipped with optics providing ~ 35 mm field of 
view at a minimum allowed working distance of about 
30 cm. The spectral sensitivity of the camera 
photocathodes is up to 980 nm at 10 % level. The CCD 
camera was used for measuring horizontal projection of 
beam-induced scintillation profiles at the focal plane. 
From the recorded beam-induced scintillation images, 
transverse scintillation profiles in the beam focal plane 
have been extracted (see Fig.1). Typical vertical 
scintillation profiles for the pressure P = 500 mbar are 
shown in Fig.1.  
Fig. 1 Beam image acquired with CCD camera in Ar 
Beam-induced scintillation profiles in the argon gas at 
pressures between 35 and 500 torr were measured for 
different intensities (number of particles in a beam pulse). 
The experimental results are given in Fig. 3. These data 
represent several series of measurements that have been 
carried out for different pressures (gas densities).  
Fig.2 Examples of intensity dependences of the 
light yield acquired under different argon pressures. 
For the constants particle density in the gas chamber the 
light yield is directly proportional to the beam intensity. 
The slope of the corresponding straight line gives specific 
light yield. In this way, a linear interpolation to the 
measured dependence allowed us to obtain the pressure 
dependence of this value (Fig.3). The non-linear 
dependency of light emission with the gas pressure can 
then be related to the competition between the lifetime of 
the radiative excited states and the inverse of the 
frequency for the collision reactions leading to quenching 
of these radiative states [1].
X(pix)
Profile lines 
Ion
beamY(pix)
Fig. 3 Dependence of light yield on pressure for argon 
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One of the key issues in heavy-ion beam (HIB) inertial
confinement fusion (ICF) is HIB-target interaction. The 
paper presents new experimental results of the research 
on precision measurements of total stopping range and 
energy deposition function of Carbon beam in normal 
density and porous copper targets. The ‘thick target’ 
method which was used for precision measurements of 
the total energy deposition by the ions in solids was de-
scribed in details in [1]. This method consists in measur-
ing the energy deposited along the ion path in a target of 
variable thickness which is known with high precision 
and covers the total stopping range. In the preformed ex-
periments, carbon ion beam delivered by ITEP-TWAC 
synchrotron has been used. The target consists of two 
wedges, the larger one sliding along the fixed smaller one 
to vary the target thickness. The wedges were made of 
chemically pure copper with a measured density of  
8.86±0.04 g/cm
3 (normal target) and 1.79 g/cm3 (porous 
target is  presented on Fig. 1).  
Fig.1 Photo of porous Copper targets 
The gap between the two wedges was about 100 Pm. Di-
mensions of the wedges allow changing target thickness 
in the range 10 – 30 mm. Thicker targets for energy loss 
measurements produced by placing cubic “insertion” (see 
Fig. 1) in front of wedge setup. The “insertions” manufac-
tured of the copper with the same density as the main tar-
get (wedges). The precision of setting the target thickness 
was determined by the precision of the manipulator mov-
ing one of the wedges against the other. The manipulator 
consisted of the linear motor actuator, the control unit and 
a PC with software. A schematic drawing of experimental 
setup is shown in Fig 2. The axial resolution of the 
mounted manipulator was about 10 Pm. An MS Windows 
software for control of the device was developed. This 
software provided an automatic setting of the necessary 
vertical position for a given target thickness. The connec-
tion with the PC was provided through a RS232 port.  
The experiment was conducted in the following geome-
try: the beam of 216-MeV/u carbon ions with the pulse 
duration of 1 µs (at the base) was formed by quadruple 
lenses and then passed through collimator with diameter 
of 10 mm. 
Ion
beam
Beamline
windows  
Target  manipulator
wedge
Vacuum
chamber
calorimeter 
Fig.2 Scheme and details of experimental setup 
Behind the collimator there was fast current transformer 
(FCT), whose signal provided information about the 
number of ions passed through the collimator. The energy 
deposited in the target material is measured by thin calo-
rimeter [2]. The calorimeter was consisted of a receiving 
platform made of a copper foil attached to thermo-
modules. For each measurement (i.e. for each ion pulse), 
the output signal of the calorimeter was normalized by the 
total number of beam ions measured by the FCT. The 
experimental results presented on Fig.3 clearly show that 
5-times changing of target density seriously influence on 
ion energy-deposition profile and results to considerable 
Bragg peak widening. 
Fig.3 Energy-deposition profiles measured for the 
216 MeV/u C ions in normal and porous Cu target. 
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2   THE LASER PHYSICS PROGRAM AT GSI 
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An improved double-pulse non-normal pumping scheme for transient
collisionally excited soft X-ray lasers
D. Zimmer∗1,2, B. Zielbauer1, V. Bagnoud1, U. Eisenbarth1, D. Javorkova1, T. Kuehl1,2, and the
PHELIX Team1
1GSI, Darmstadt, Germany; 2Johannes Gutenberg-Universita¨t Mainz, Germany
An improved pumping scheme for transient collision-
ally excited soft x-ray lasers is presented. In contrast
to usual approaches, where a nanosecond pre-pulse is
assumed to provide the optimal plasma preparation and a
picosecond pulse performs the final heating- and excitation
process, two pulses of equal duration are applied. Both
pulses are produced in the front-end of the CPA pump
laser. Creating two pulses of equal duration can be
well achieved in a Mach-Zehnder geometry. Using the
travelling wave focusing geometry from [1] adjustment
of the pump optics is straightforward and stable. The
two pulses are focused onto the target with the same
spherical mirror under non-normal geometry, optimized
for efficient traveling wave excitation for the main-pulse.
A first experiment [2] was performed on Ni-like palladium
(14.7 nm) at less than 500 mJ total pulse energy on the
target. This proves that this configuration is at least as
efficient as the standard GRIP scheme, providing much
simpler and more reliable operation.
Figure 1: Experimental setup showing the pump laser beam-lines
and XRL diagnostics. On the right side the schematic view of the
GRIP scheme is given.
The experimental set-up is depicted in fig. 1: We used
the focusing system which produces a line focus with an
intrinsic travelling wave speed of 1.2 c. The beam from the
compressor is deflected by a flat mirror onto a spherical
mirror with a focal length of 600 mm which is positioned
off the normal incidence. The line focus on the Pd slab
target was 50µm by 5.5 mm FWHM. Both pulses hit the
target at the same grazing incidence angle of 29 degrees, a
value determined to be the optimal GRIP configuration in
the classical scheme [3]. Thereby the electron density at
∗ d.zimmer@gsi.de
which the energy is absorbed is matched to the optimum
pumping density. The insert in fig. 1 shows the effect of the
geometry for the absorption of the two pulses on the target.
The pre-pulse is - except for a possible weak pre-plasma,
produced by the < 10−3 pedestal - hitting directly onto
the target, creating a plume of plasma expanding with
approximately the speed of sound of the metal, around 20
micrometer per nanosecond. The second pulse is refracted
in the emerging plasma. An intrinsic improvement comes
along with the perfect overlap of both pulses due to the
same optical path. This allows an optimized pumping of
the gain region. An image of the laser output after 30 cm
distance is shown in fig. 2 together with the dependence
of the output energy on the duration of the pump pulse.
The intensity registered on the CCD camera corresponds
to XRL-energies up to 0.3µJ with less than 700 mJ total
pump energy.
Figure 2: Dependence of the XRL-intensity on the time duration
of the pumping pulses with a pulse delay of 1 ns. Insert: XUV
camera image showing the XRL beam profile.
The improved double pulse non-normal incidence pump-
ing scheme provides a simplified and efficient way to pro-
duce XRL output at close to 100 eV photon energy. In com-
parison to earlier work using normal incidence on the tar-
get, the pumping energy threshold for Pd-XRL emission
is strongly reduced from above 1 J to less than 500 mJ. It
opens the way to high-repetition-rate XRL’s in the 100 eV
range and to manageable multi-100 eV XRL sources.
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A 180 eV X-Ray Laser Pumped by PHELIX
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A number of applications, including imaging of biologi-
cal specimen and diagnostics of dense plasmas, require co-
herent X-ray sources exceeding 100 eV photon energy. A
main obstacle for such laser sources was the high pump
laser energy required for the ionization and the excitation
of the lasing transitions. Over the last few years tremen-
dous progress was achieved towards lowering the neces-
sary energy [1]. For this, two pulses of different dura-
tion and at different angles of incidence were applied [2].
This is a non-trivial complication, however, for the delivery
of high-energy pulses that require the use of large beams.
A first experiment using compressed pulses in the range
around 50 ps and at energies between 50 J and 100 J at the
PHELIX laser therefore incorporated a simplified double
pulse scheme recently demonstrated at the PHELIX front-
end [3]. In this scheme, a Mach-Zehnder type beam split-
ting and recombination creates two pulses of identical du-
ration in the front-end of the laser, where the beam diame-
ter is below 5 mm. This double pulse was amplified by the
full PHELIX amplifier chain, and recompressed to produce
two pulses of 50 ps to 100 ps duration and with a delay of
approximately 1 ns. In this scheme, a line focus for both
pulses was produced by a single focussing optics consist-
ing of a 300 mm diameter 90-degree off-axis parabola and
a 200 mm diameter spherical mirror. (Fig. 1)
Figure 1: Beam pass of the high energy pumping arrangement.
The double-pulse structure before and after compression is illus-
trated by the inserts above.
A fast photodiode and alternatively a streak camera were
used to determine the spacing of the pulses and the relative
intensity of possible pre-pulses. The quality and orientation
of the line focus were checked with a microscope imag-
ing its shape on a glass diffuser at the final target position.
This target was fabricated at the GSI target lab by coat-
∗ d.zimmer@gsi.de
ing a glass substrate with a film of 2-3 µm of Samarium.
The X-ray laser output was analyzed by a 1200 lines/mm
flat-filed grating and recorded on an XUV CCD camera.
Fig. 2 shows an overlay of the region around the Ni-like
Samarium lasing lines at 6.8 nm and 7.3 nm, registered at
the second order of the grating, and a reference showing
the carbon K-edge at 4.3 nm registered in third order at the
same spectrometer settings.
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Figure 2: Registered spectrum of the two lasing lines in Ni-like
samarium recorded in 2nd order, and a reference spectrum of the
carbon K-edge at 4.3 nm recorded in 3rd order of the flat-field
grating spectrometer.
The first result demonstrates the feasibility of applying
the simplified double pulse scheme for the pumping of high
energy X-ray lasers. This opens the way to a wider applica-
tion of such X-ray sources for dedicated X-ray diagnostics
of e.g. ion produced plasmas, as well as a future routine op-
eration at facilities like LASERIX [4]. The work was sup-
ported through the Laserlab Europe Integrate Infrastructure
Initiative.
References
[1] K. Cassou, et al., Opt.Lett. 32 (2007) 139
[2] T. Kuehl, et al., Laser & Part. Beams 25 (2007 ) 93
[3] D. Zimmer, et al., To be submitted in 2008,
see also this annual report.
[4] S. Kazamias, et al., J.de Physique 138 (2006) 138
PH-03
29
Optical diagnostic system for PHELIX at Z6 experimental area∗
J. Schu¨trumpf† 1, M. Gu¨nther1, T. Eberl2, A. Blazˇevic´2, and M. Roth1
1Technische Universita¨t Darmstadt, Germany; 2GSI, Darmstadt, Germany
Concept
The Z6 output sensor is the final PHELIX diagnostic
prior to the target area Z6. During the first months of 2007
ray tracing calculations for the diagnostic system were
done and the design was improved in efficiency. The pulse
energy of a full system shot is up to 1 kJ with a maximum
beam diameter of 280mm. A test shot compared to a full
system shot has a dynamic range of 106 in power. The diag-
nostic consists of broadband attenuation and downscaling
optics [1].
Design
The components of the diagnostics are shown in Fig. 1.
Digital cameras are used to image near field and far field
(Fig. 2) for each PHELIX shot. The precision attenuator
to adjust the intensity on the digital cameras consists of a
half waveplate and two thin film polarizers (TFP). These
data are then compared to the main amp sensor in the laser-
bay of PHELIX. A wavefront sensor is installed to measure
the aberrations. The alignment was done with a solid state
laser. The setup is now ready for secondary alignment with
a front end pulse of PHELIX.
Figure 1: Setup of near field (NF) and far field (FF) imag-
ing. The alignment beam enters from the upper right of the
optical table. (for more detail, see [2])
Output sensor aberrations
The primary Seidel coefficients characterize the aberra-
tion function and are therefore ideal to quantify the beam
quality. The Shack-Hartmann wavefront sensor determines
the coefficients by expanding the aberration function in
∗work supported by VIPBUL
† j.schuetrumpf@gsi.de
Figure 2: Far field image of the alignment laser. The spot-
size is (45± 5)µm in diameter.
Zernike polynomials [3]. Tab. 1 shows the actual sta-
tus of the system by specifying distinct aberrations. The
Wavefront aberrations of capital importance are reduced to
λ/10− λ/500 by proper adjustment.
Finally no distinct variations to the laser pulse are induced
by the output sensor.
Tilt x −0.039λ
Tilt y +0.359λ
Defocus +0.541λ
Astigmatism x2 − y2 −0.060λ
Astigmatism xy −0.037λ
Coma x +0.001λ
Coma y −0.043λ
Triangular Coma +0.000λ
Quadratic Astigmatism −0.024λ
Spher. Aberration −0.006λ
5th. spher. Aberration +0.000λ
Table 1: Aberrations of the output sensor diagnostics. Val-
ues are in units of the used wavelength λ = 1053 nm.
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Acceleration of U28+-beams in the SIS18
C. Omet∗ and P. Spiller
GSI, Darmstadt, Germany
Introduction
To prepare the acceleration of highest intensities of inter-
mediate charge state heavy ion beams for the FAIR project,
several technical projects have been summarized in the
SIS18 upgrade program. The various technical measures of
this program are continuously accompanied and verified by
machine experiments. Major goal is the reduction of ion-
ization beam loss. The strong dependence of the ionization
beam loss on initial systematic loss has been proven. The
accelerated number of ions could be increased by reducing
the initial system beam loss.
Reduction of Ionization Beam Loss
By the following improvements a considerable reduction
of ionization beam loss during U28+-operation has been
achieved:
a) precise positioning of the beam in each lattice cell
b) increased pumping speed of the UHV system and
c) fast ramping by means of the new power grid connection.
An algorithm for a precise closed orbit correction has
been developed [1] and implemented in the control sys-
tem [2]. The beam now can be precisely positioned in each
lattice cell with special attention to vertical aperture limi-
tations. Thereby it could be avoided that initial beam loss
and desorption gas production is generated by scraping of
beam tails.
The former limitation of synchrotron pulse power and
correspondingly the ramp rate has been removed by the
new 110 kV network connection. Since the cycle time has
a major impact on the ionization beam loss, increased ramp
rates have been tested at U28+-operation. The SIS18 power
converters provide ramp rates of 4 T/s up to 18 Tm and 10
T/s up to 12 Tm. While operation up to 4 T/s is already
performed during experiment operation, higher ramp rates
require further technical effort, because capture and track-
ing losses are increasing. Beam loss during the capture pro-
cess and at the beginning of the magnet ramp drive pressure
bumps which, as expected, influence significantly the ion-
ization beam loss of U28+-ions (see fig. 1 and [3]). The
situation with ramp rates higher than 4 T/s will improve
as the new h=2 cavity will be available. Tracking can be
improved by better RF and magnet ramp timing.
It is planned to replace all existing magnet chambers
by new, NEG coated chambers. A first UHV sector of
SIS18 has been equipped with NEG-coated dipole cham-
bers. Thereby the distributed vacuum pumping speed has
been increased and the vacuum dynamics further stabilized.
The development of the U28+-beam current within the
machine cycles over the last machine development runs of
∗ c.omet@gsi.de
Figure 1: Relative losses during acceleration of U28+.
2006 and 2007 is shown in fig. 2. A major improvement has
been achieved in 2007 where 6.5 ∗ 109 U28+ particles have
been extracted. The limitation for reaching higher beam in-
tensities is still the too low pumping speed of the UHV sys-
tem, as can be seen in [4]. The highest intensity of 7.2∗109
accelerated particles has been achieved after a 5 s break be-
tween the synchrotron cycles. In advance all Ti-Sub Pumps
(TSP) in the SIS18 have been used for further enhancement
of the vacuum pumping speed.
Figure 2: Time dependant particle number of U28+ in
SIS18.
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BIF Profile Monitor for the UNILAC - Tests and DAQ Upgrade∗
F. Becker1, R. Haseitl1, C. Andre1, P. Forck1, D.H.H. Hoffmann1,2, and D. Pfeiffer1
1GSI Accelerator Beam Diagnostics, Darmstadt, Germany; 2Technical University, Darmstadt, Germany
BIF experiments at UNILAC
The non-intercepting Beam Induced Fluorescence (BIF)
monitor for transverse beam profile measurements was suc-
cessfully tested for different ion species and energies from
5 to 750 MeV/u at the GSI accelerators [1]. Starting from
its first implementation [2] we systematically investigated
technical aspects such as the proper choice of optics and
gain factors, as well as physical aspects like the depen-
dency of beam energy and ion species on signal ampli-
tude and the signal to background ratio. Investigations of
the wavelength spectrum have shown that unwanted profile
distortions by 2-step excitation processes have negligible
contributions to the total photon yield [3]. At the UNI-
LAC X2 experimental area a pressure dependent measure-
ment was performed. With a regulated needle valve we
changed the N2 residual gas pressure from 10−6 to 10−3
mbar. For constant beam parameters the signal amplitude
increases linearly with the gas pressure, while the profile
width remains constant, as shown in Figure 1. Therefore
the residual gas pressure can be used as a free parame-
ter to match the required signal strength. Latest simula-
tions of N+
2
trajectories in the electrical field of the beam
show negligible profile distortions, even for highest beam
intensities in the upgraded UNILAC. For improved reli-
ability, user-friendly operation and enhancend functional
range, the DAQ-system and software are substantially up-
graded.
∗Work supported by EU, project FP6-CARE-HIPPI
Figure 1: Pressure dependency of signal amplitude and
profile width for 1010 Ni6+ ions per pulse in residual N2.
Figure 2: NI Compact Vision Systen with attached Firewire
CCD camera and remote controlled iris.
DAQ System and Software
Since BIF shall be established as a standard measure-
ment tool at GSI, a general purpose data acquisition and
graphical user interface for CCD cameras is required. The
GSI computing infrastructure makes extensive use of the
Unix X-Window technology, being able to place the screen
output of any software to any monitor in the main control
room. For this purpose, a Linux-based software is under
development to allow seamless integration into the present
system. The firewire cameras are connected to a NI Com-
pact Vision System (CVS) as seen in Figure 2, which is a
small embedded system, purpose-built for graphical com-
puting tasks. A broad featured LabVIEW [4] application
has been developed for the CVS which receives images
from connected cameras, performs image processing steps
and holds a data connection via standard Ethernet to a Win-
dows or Linux PC [5]. Available features on the CVS in-
clude histogram and projection calculation, image mirror-
ing and rotation, dead pixel correction, image compression,
region-of-interest cropping and perspective correction. De-
tailed performance tests are currently in progress. The CVS
and the connected cameras can be controlled from the PC
via XML commands. All data from the CVS is received
and presented on the PC-side by C++ applications using Qt
libraries [6] to provide platform independence for the GUI
presentation.
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Status of experiments with transport in toroidal magnetic field* 
M. Droba1, N. Joshi1, O. Meusel1, and Prof. Dr. U. Ratzinger1 
1IAP, J. W. Goethe University, Frankfurt am Main; Germany.
Two 30 degree magnetic toroidal segments that provide 
a maximum longitudinal magnetic on axis field of 0.6T 
were received in June, 2007[1]. The experiments are be-
ing prepared for a first transport of proton beams in the 
toroidal magnetic field configuration. In the first stage a 
single toroid will be used to investigate transport proper-
ties. Figure 1 shows the photograph of the experimental 
setup used. The primary investigation will be concen-
trated on dynamics, space charge effects, emittance meas-
urements and comparison with the simulations. The ex-
periments will provide important information for the high 
current storage ring project [2].  
 
 
Figure 1: Transport in single toroid. 
 
Single Segment Experiments 
The volume type ion source was mounted on the vac-
uum chamber. The source was measured to deliver 2.8mA 
beam current with a proton fraction of 44% at 10keV op-
eration energy. The solenoid is used for focussing the 
beam. The toroid segment is not shielded and has strong 
fringing fields, nearly 22% of the maximal value is de-
tected at a distance 0.135m, indicating small coupling 
with the solenoid field in the beam path. The emittance 
scanner with grid-slit method will be used for diagnostics 
in a first step. The possibility of scintillator and webcam 
readout is being considered for beam profile measure-
ments. First encouraging experimental results were taken 
in February. 
Injection Experiments 
A special coil that can inflect the beam in the longitudi-
nal magnetic field has been designed. The figure 2 shows 
a schematic view of the experimental setup for injection 
experiments with two toroidal segments. The toroidal 
segments will be arranged on the circular path to repre-
sent 1/6 of a completed storage ring.  
 
Figure 2: scheme for injection experiment. 
In experiments two ion sources will be used, one repre-
senting ring beam and the other delivering the injection 
beam. The distances are chosen with respect to the beam 
dynamics simulations and construction point of view. The 
field configuration is calculated for a beam energy of 
10keV. Figure 3 shows acceptance in space indicating a 
1.0cm diameter beam can be injected into the given con-
figuration. 
 
Figure 3: Transverse xy-area in front of solenoid-I. The 
colours show the ratio ptr/plong of injected particles after 
reaching the ring trace 
References 
[1] N. Joshi, et. al, Beam Transport in toroidal Magnetic 
field, High Energy Density Physics with Intense Ion 
and Laser Beams: GSI Annual Report 2006 
[2] M. Droba, et. al, “Design Studies on a Novel Stel-
larator Type High Current Ion Storage Ring”, pro-
ceedings EPAC´06, p. 297-299. 
 
 
AC-03
35
Optical Diagnostics on Gabor Lenses 
K. Schulte, M. Droba, O. Meusel and U. Ratzinger 
IAP, J. W. Goethe University, Frankfurt am Main, Germany
Introduction 
In the Gabor Lense a nonneutral plasma column gets 
trapped by both external magnetic and electric fields. 
The electric field of the trapped one component plasma 
has been effectively used for focussing particle beams and 
its action on the beam can be expressed by the emittance 
growth [1]. The quality of the beam transport and beam 
focussing depends strongly on thermodynamic properties 
of the NNP [2].  Now the primary concern by using Gabor 
lenses is the investigation of the plasma parameters. The 
electron temperature, gas temperature, density, and ion 
species play an effective role in beam parameters like 
current, emittance or beam profile and are important 
information for a possible application on concepts like the 
magnetostatic storage ring [3]. 
 
Figure 1: Experimental setup. 
For this purpose an experiment including a three 
segmented Gabor lens has been established to investigate 
non interceptive methods for determining the mentioned 
parameters (Figure1) [4]: 
The light emitted longitudinally from excited rest gas 
atoms is investigated by a spectrometer followed by a 
CCD- camera. The specific experimental setup provides 
an opportunity to compare the different measurements 
against another.  
Measurement and Results 
The nonneutral plasma was assumed to be thermalised at 
similar confinment strengths in longitudinal and radial 
directions. Besides the theoretical predictions it has been 
established that the residual gas pressure and the involved 
electron collision frequency is a crucial parameter as well. 
For each magnetic and electric adjustment we can find a 
pressure ranges that improves the confinement. On the 
other side far from these parameter range a variety of 
plasma instabilities can be observed [4]. A nonuniform 
density distribution of the confined electron cloud leads 
into a Diocotron instability (Figure 2). 
 
 
Figure 2: Light density distribution (Pixel 512 x 512, rel. 
maximum intensity: 6400, rel. average intensity: 4634 ) 
compared to simulated distribution.  
This kind of instabilty also arises in numerical 
simulations (Figure 3) for different strengths of magnetic 
and electric fields and related charge density. 
By several measurements the thermalisation points of the 
nonneutral plasma could be clearly defined. The measured 
optical spectra were analysed and broading mechanisms 
are studied. The doppler shift of emitting ions is in good 
agreement with its energy distribution measured by the 
momentum spectrometer.  
350 400 450 500 550 600 650 700
0
10000
20000
30000
40000
50000
re
l. 
in
te
n
si
ty
wavelength [nm]
 
In the next step the experiments will concentrate on 
evaluation of temperature and density distribution.   
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Design of Antiproton Target for FAIR ∗
N.A. Tahir1, V. Kim2, A. Matveichev2, A. Shutov2, A. Ostrik2, I.V. Lomonosov2, R. Schmidt3, M.
Brugger3, K. Knie1, B. Franzke1, S. Richter1, and D. Kraemer1
1GSI, Darmstadt, Germany; 2IPCP, Chernogolovka, Russia; 3CERN, Geneva, Switzerland
Production and collection of antiprotons will be one of
the many important experiments that will be done at the
FAIR. The SIS100 will deliver a bunched proton beam
with, intensity = 2 × 1013 protons, bunch length = 50 ns
and particle energy = 29 GeV. The design of a production
target that will survive over an extended period of time is a
very important and difficult problem.
Figure 1 shows the proposed target geometry which is
the same as used previously in the CERN antiproton pro-
duction experiments. It consists of 6 iridium cylinders,
each 1 cm long and having a radius of 2 mm with a small
gap of 50 µm between two neighboring pieces. This avoids
bending of the target as a result of expansion due to heating.
The iridium part is enclosed in a solid graphite casing that
is followed by an aluminum cover. The advantage of using
graphite is that it has much lower absorption cross section
for antiprotons. The dimensions of the different parts of the
target are shown in the figure. The proton beam is incident
at the left face of the target, the protons generate a shower
of secondary particles that deposit their energy in the target.
The energy deposition is calculated using the FLUKA code
and the results are plotted in Fig. 2. The focal spot size of
the beam is characterized with a σ = 1.5 mm in this case.
The antiprotons generated in the target will be collected on
the right side of the target using a magnetic horn.
Figure 1: Target initial conditions
Hydrodynamic and thermodynamic response of the tar-
get shown in Fig. 1 has been calculated using a a 3D com-
puter code, PIC3D, that includes a semi-empirical equation
of state model and elastic-plastic effects. The energy depo-
sition profile shown in Figure 2 is coupled to the 3D code
that leads to a maximum energy deposition of 0.17 kJ/g
along the beam axis which generates a maximum temper-
ature of 1560 K that is well below the melting tempera-
ture of iridium (2700 K). A corresponding maximum pres-
sure of about 9 GPa is generated along the beam axis. The
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high pressure generates acoustic waves in radial direction
that are partly reflected at the graphite–iridium boundary
and partly transmitted into the graphite region. This pro-
cess is repeated when the transmitted wave arrives at the
aluminum–graphite boundary. First calculations indicate
that the target will survive with the above beam parame-
ters. Since the repetition rate of this experiment will be 0.2
Hz, heat conduction will lead to a substantial cooling of the
target during this interval that will avoid heat accumulation.
Figure 2: Specific energy deposition by 29 GeV protons in
solid graphite and iridium as calculated by FLUKA code.
Figure 3 shows FLUKA calculations of proton energy
deposition in a nickel cylinder. It is seen that the level of
energy deposition in nickel is significantly lower that in
iridium that will lead to a lower temperature and a lower
pressure. We are therefore also considering nickel as mate-
rial for the antiproton production target. A detailed report
will be prepared when the final calculations are done.
Figure 3: Specific energy deposition by 29 GeV protons in
solid graphite and nickel as calculated by FLUKA code.
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Ion Beam Heating of Liquid Jet Li Target for the Super-FRS∗
N.A. Tahir1, V. Kim2, I.V. Lomonosov2, A.R. Piriz3, D.H.H. Hoffmann4, H. Weick1, and H. Geissel1
1GSI, Darmstadt, Germany; 2IPCP, Chernogolovka, Russia; 3UCLM, Ciudad Real, Spain; 4TU Darmstadt, Germany
Survival of the production target over an extended pe-
riod of time is a very important problem for the Super-
FRS. It has been shown [1,2] that a solid graphite target
can be used for up to 1011 ions per bunch in a fast extrac-
tion mode. For higher intensities, one should develop an
alternative scheme, for example, a liquid jet metal target.
In this contribution we present 3D computer simulations
of heating of a liquid Li target and the beam target geom-
etry has been shown in Figure 1.Four different cases for
1 GeV/u uranium bunch with a length = 50 ns have been
considered:
Case 1: beam intensity = 1012, σx = 2 mm and σy = 12
mm.
Case 2: beam intensity = 1012, σx = 2 mm and σy = 6
mm.
Case 3: beam intensity = 5.0 × 1011, σx = 1 mm and σy
= 12 mm.
Case 4: beam intensity = 5.0 × 1011, σx = 2 mm and σy
= 6 mm.
Figure 1: A quarter of the target in plane geometry, length
= 7 cm (Z-axis), height = 5 cm (Y-axis), thickness = 1 cm
(X-axis), beam is directed along Z-axis.
It is important that the liquid remains safely below the
boiling temperature and two-phase liquid-gas region is
also avoided. Moreover the liquid should not enter the
metastable phase to avoid negative pressures and cavita-
tion.
In Figure 2 we present target temperature at t = 50 ns,
immediately after the beam has delivered its total energy
for case III. It is seen that the maximum temperature at
the beam axis is of the order of 950 K whereas the boiling
temperature of Li is 1643 K. The corresponding pressure
shown in Figure 3 is about 0.8 GPa.
It is also to be noted that the focal spot area and the beam
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Figure 2: Target temperature at t = 50 ns for case III.
Figure 3: Target pressure at t = 50 ns for case III.
intensity is arranged in such a proportion that the specific
energy deposition is same in all the three cases that leads
to identical results. In case II, on the other hand, the spe-
cific energy deposition is two times higher which results in
higher temperature of 1400 K and a pressure of 1.4 GPa.
Further details can be found in [3].
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Integrity of liquid lithium production target for the Super-FRS at FAIR
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The use of a windowless liquid-lithium jet as a produc-
tion target at Super-FRS is currently being discussed. We
investigate the stability of a liquid-metal target after irradi-
ation with a pulsed intense energetic ion beam at FAIR. The
SIS-100 synchrotron will deliver up to 5·1011 ions of U28+
at 1 GeV/u energy for experiments at the Super-FRS. The
ion beam will be bunched to a single pulse of 60 ns length.
The radial profile of the beam can be well approximated
by a Gaussian distribution. According to ion-optical calcu-
lations, reasonable characteristics of the secondary beams
can be obtained with σx = 0.4 cm, σy = 0.8 cm. The di-
rection of the jet flow corresponds to the y-axis.
Using the above ion-beam parameters, 3-dimensional
hydrodynamic calculations were performed to analyze the
pressure evolution in the liquid-lithium jet. To calculate
the hydrodynamic response of the heated liquid lithium tar-
get, an analytical equation of state model suitable for the
considered target regime was chosen. The above FAIR ion
beam parameters lead to an energy deposition of 0.7 kJ/g in
the center of the Gaussian energy profile, producing a pres-
sure of 2.9 kbar. Since the pressure of several kbar launches
a weak shock wave in the liquid metal, the process can be
analyzed by using the acoustic approach. A linear Mie-
Gru¨neisen equation of state was used for the calculations
p(ρ, T ) = c2
0
(ρ− ρ0) + Γρcv(T − T0) , (1)
where c0 = 4.5 · 105 cm/s is the bulk sound speed at nor-
mal density ρ0 = 0.51 g/cm3 and at the initial tempera-
ture T0 = 460K; Γ = 0.85 is the Gru¨neisen parameter,
cv = 4.1 · 10
7 erg/g/K is the specific heat at constant vol-
ume.
The energy deposition of the FAIR ion beam with the
above parameters is short on the hydrodynamic time scale
of the target response and can be considered as instanta-
neous. After the ion beam energy is deposited, the pres-
sure gradient gives rise to a compression wave, propagat-
ing in the xy-plane. At the same time the free surface of
the heated region moves outwards and a rarefaction wave
runs along the z-axis to the target center. The pressure dis-
tribution at t = 2.2µs showing the propagation of shock
and rarefaction waves is shown in fig. 1. The center of the
target is placed at the origin of the coordinate system. Due
to the Gaussian radial profile of the ion beam, the pressure
at the target axis starts to drop immediately after the en-
ergy deposition. This effect overlaps with an expansion of
the free surface, producing at the axis a negative pressure
of -2.55 kbar.
The performed calculations assume that the target ma-
terial can bear such tension without failure. In reality
spall, or internal failure, occurs in the condensed media
(cm)
2.5
1.5
ion
beam
(cm)
0.0
0.5
1.0
1.5
2.0
2.5
x
y
(cm)
z
rarefaction
0.4
0.8
1.2
1.6
3.5
3.0
2.0
1.0
0.5
shock
P, kbar
 1.02
 0.12
−0.77
−1.66
−2.55
µt = 2.2    s
Figure 1: Pressure distribution at t = 2.2µs. The ion beam
is directed along the z-axis.
if the magnitude of negative pressure exceeds the tensile
(spall) strength of the material. For liquid lithium exper-
imental data on the spall strength are not available at any
temperatures. According to the approach of Grady [1],
the theoretical spall strength in liquid lithium results in
Ps = −0.09 kbar, which is achieved in the target already
after t = 210 ns as shown in fig. 2. Spallation is expected
to occur at a distance s = 0.08 cm from the target surface.
It is expected that the jet will be destroyed due to the fol-
lowing fragmentation of the heated matter [2].
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Figure 2: Pressure profile along the z-axis at t = 210 ns.
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Laser-driven shockless compression of matter to study
material properties under dynamic conditions has been re-
ported elsewhere [1]. In this case the process consists of
three distinct phases: First a strong laser driven shock is
launched into a reservoir which turns the material into a
weakly ionized plasma. After the shock breaks through the
rear side of the sample, the plasma moves towards a sample
situated some distance away across a vacuum.gap.In the fi-
nal phase, the plasma piles up slowly against the sample
that generates a smoothly increasing applied pressure as
it converts its kinetic energy into thermal pressure (ramp
shaped profile) that drives a shockless compression of the
sample material. This scheme is very useful to study the
material properties under dynamic conditions.
We propose that using an intense ion beam one can de-
sign a similar experiment which will have numerous advan-
tages over the laser-driven scheme.
Figure 1: A schematic diagram of proposed ramp compres-
sion experiment for the HEDgeHOB Collaboration to study
material properties under dynamic conditions.
Figure 1 shows a schematic diagram of this proposed
experiment which consists of a cylindrical disc of high-Z
reservoir followed by the sample material and the two are
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enclosed in a strong cylindrical casing. The ion beam is in-
cident on the reservoir and the ions are completely stopped
in the material. The high pressure due to the Bragg peak
launches a shock in the longitudinal direction that releases
material when it arrives at the reservoir boundary. The ex-
panding material piles up against the sample and pressure
builds up slowly that drives a shockless compression of
the sample material. Simulation carried out using a two-
dimensional hydrodynamic computer code show a 60 %
compression of an Al sample while the temperature and
pressure are of the order of 800 K and 1 Mbar respectively.
It is to be noted that an ion beam driven scheme is much
more efficient compared to the one driven by laser. More-
over the driving pressure produced by a laser is limited by
the the fact that too high laser intensity will cause radiative
preheat of the reservoir and the sample material. In case
of ion beam heating, on the other hand, preheat can not be
a problem as the temperature in the absorption region is a
few tens of eV.
Finally one may use a larger sample in case of ion beams
with longer time scales for experimental measurements.
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In August 2007, experiments were carried out at the
HHT experimental area to study thermal stress waves in-
duced by uranium beam in targets made of different mate-
rials. This work is of importance to development of a solid
target for the Super-FRS at FAIR [1]. The following beam
and target parameters have been used in these experiments.
Copper Target
The target is cylinder with a length = 7 mm and radius =
5 mm. One face of the cylinder is irradiated with a uranium
beam having a particle energy of 400 MeV/u. The beam
pulse consists of two bunches, each having a full width at
half maximum (FWHM) of 80 ns and the total pule dura-
tion is 500 ns. The beam focal spot size (FWHM of the
Gaussian power distribution in transverse direction) is as-
sumed to be 0.5 mm. Two different values for beam inten-
sity, N are used.
Case I: N = 5.0 × 107 ions per pulse is considered to
study the elastic properties of Cu.
Case II: N = 1.8 × 108 ions per pulse is considered to
study the plastic behavior of Cu.
Lead Target
In this case the target is a lead cylinder with a length =
7 mm and radius = 5 mm. Again, one face of the target is
irradiated with a uranium beam having a particle energy of
400 MeV/u. The beam pulse consists of two bunches, each
having a full width at half maximum (FWHM) of 80 ns and
the total pule duration is 500 ns. The beam focal spot size
(FWHM of the Gaussian power distribution in transverse
direction) is assumed to be 1.0 mm. The following two
values for the beam intensity are used.
Case III: N = 2.5 × 107 ions per pulse is considered
to study the elastic properties of Pb.
Case IV: N = 5.5 × 107 ions per pulse is considered
to study the plastic behavior of Pb.
Tantalum Target
In this set of experiments, tantalum cylinders, each with
length and radius = 5 mm are used. The target is facially
irradiated with a uranium beam having a particle energy
of 400 MeV/u. The beam focal spot size (FWHM of the
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Gaussian power distribution in transverse direction) is as-
sumed to be 0.5 mm. The following three values for beam
intensity, N are used.
Case V: N = 5.0 × 107 ions per pulse is considered to
study the elastic properties of Ta. The beam pulse consists
of two bunches, each having a full width at half maximum
(FWHM) of 80 ns and the total pule duration is 500 ns.
Case VI: N = 1.5 × 108 ions per pulse is considered
to study the plastic behavior of Ta. The beam pulse consists
of two bunches, each having a full width at half maximum
(FWHM) of 80 ns and the total pule duration is 500 ns.
Case VII: N = 4 × 109 ions per pulse is considered
to study the material rupture. In this case, the beam pulse
consists of four bunches, each having a full width at half
maximum (FWHM) of 80 ns and the total pule duration is
1 microsec.
Tungsten Target
For tungsten, we have considered four different cases us-
ing cylindrical target, each with length and radius = 5 mm
as described below. The targets are facially irradiated with
uranium beam having a particle energy of 400 MeV/u.
Case VIII: N = 5 × 107 ions per pulse that is com-
posed of two bunches with the total pule length = 500 ns.
The beam spot size (FWHM) = 0.5 mm and this experiment
will be performed to study elastic properties of W.
Case IX: N = 1.5 × 108 ions per pulse that again con-
sists of two bunches with the total pule length = 500 ns. The
beam spot size (FWHM) = 0.5 mm and this experiment will
be carried out to study plasticity in W.
Case X: N = 1.5 × 108 ions per pulse that consists of
a single Gaussian bunch that is 250 ns long (FWHM = 80
ns). The beam spot size (FWHM) = 1.0 mm.
Case XI: N = 5.0 × 108 ions per pulse that consists of
4 Gaussian bunches each 250 ns long (FWHM = 80 ns) so
that the total pulse length is 1 microsecond. The beam spot
size (FWHM) = 1.0 mm. A comparison between simula-
tion results obtained in case X and case XI will show show
the effect of beam time structure on the target response.
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Solid Graphite Target
The following two cases have been considered for
graphite target. These experiments will generate physical
conditions that will be somewhat similar to those simulated
in [1].
Case XII: N = 2.0 × 109 ions per pulse that consists
of 5 Gaussian bunches each having a FWHM = 80 ns so
that the total pulse length is 1 microsecond. The standard
deviation, σ of the spatial power distribution (Gaussian) =
0.5 mm. The target length as well as the radius are 5 mm
so the target length is less than the ion range.
Case XIII: N = 4.0 × 109 ions per pulse whereas the
rest of the beam parameters are the same as in case XII.
The spatial power distribution is a Gaussian with a standard
deviation, σ = 2.0 mm. The target length is 15 mm while
the radius are 5 mm. In this case the target length is larger
than the ion range so that the Bragg peak will lie inside the
target.
Using a three-dimensional computer code, PIC3D, we
have carried out numerical simulations of beam target in-
teraction. In this contribution we present results for case
I, for further details see [2]. The target is longer than the
range of the projectile particles and the Bragg peak lies in-
side the target. The maximum specific energy deposition
in this case is of the order 0.24 kJ/g. In Fig. 1 we plot the
temperature vs radius at L = 3.5 mm. It is seen that as a
result of energy deposition by the first bunch, the tempera-
ture increases to a peak value of about 400 K at the center
(profile at t = 200 ns) and due to energy deposition by the
second bunch, the temperature increases to about 500 K.
Fig. 2 shows the corresponding pressure profiles that show
propagation of pressure waves in the target. The density
does not undergo any significant change in this case. In
Fig. 3 we plot the surface pressure at point L = 3.5 mm as
a function of time. The surface velocity as a function of
time is given in Fig. 4. It is seen that the maximum surface
velocity is about 1.5 m/s. The oscillations damp out with
time because the material is in elastic regime.
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Atomistic and thermodynamic analysis of material response on ultrashort
energization near ablation threshold
B. Rethfeld1, A. K. Upadhyay2, N. A. Inogamov3, and H. M. Urbassek1
1TU Kaiserslautern, Germany; 2University of Michigan, USA; 3Landau Institute for Theoretical Physics, Russia
In this work we present molecular-dynamic (MD) simu-
lations of the expansion of condensed material, energized
on a very short timescale. Such cases are realized when
the absorption of the energy from the laser pulse or ion
bunch takes place on timescales shorter than the acoustic
time tsound = L/vsound, where L is the depth of the heated
area and vsound is the speed of sound.
Here, we study the expansion of an energized, homo-
geneously heated free-standing film. At time t = 0, the
film is energized by giving each atom a kinetic energy E0.
Fig. 1 shows the response of a thin film (20-30 monolay-
ers) of aluminum, energized homogeneously with various
values of energy  = E0/Ecoh (with the cohesive energy
Ecoh = 3.39 eV), coresponding to different strength of
the initial excitation. With increasing energization, the ma-
terial is liquefied, voids appear, until the material breaks
(ablation) and finally a regime of multi-fragmentation and
cluster formation appears.
Fig. 2 allows to compare our molecular-dynamics simu-
lation results with macroscopic thermodynamic considera-
tions. To this end, the pressure and density of the central
third of an Al simulation are traced each 0.2 ps and plot-
ted together with an ensemble of isentropes characterized
by the temperature reached immediately after the isochoric
energization.
For the lowest energy E0 = 0.6 eV/atom, the ma-
terial expands along an isentrope, reaches its mimimum
value, relaxes to pressure near zero while compressing
again and ends in acoustic oscillations at a smaller den-
sity as compared to the initial state. For the energy E0 =
0.7 eV/atom, the initial stage of expansion resembles the
case described above. However, after reaching a minimum
value, the material continues expansion while relaxing to
zero pressure. The pressure remains slightly tensile, the
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material compresses again on a larger timescale. This tra-
jectory corresponds to a long-time expansion and relax-
ation of the surface position as observed in recent exper-
iments with ultrashort laser pulses ??. For the largest en-
ergization shown, E0 = 0.8 eV/atom, the material con-
tinues expansion after reaching the minimum tensile stress.
After relaxation to almost vanishing pressure, the central
part of the system expands until it finally is transformed to
the gas phase.
Note that the formation of a transient void in the MD
simulation presented here corresponds to the formation of
a foamy structure of expanding material when a larger sim-
ulation volume is applied ??. The duration of long-lasting
surface occursions measured in ?? exceeds the acoustic
time by two orders of magnitude. As shown in Fig. 2, a
thermodynamic analysis may describe well the materials
behavior during the initial expansion process. However,
it looses its validity as soon as the phase space trajectory
approaches the spinodal line and the material decomposes
into a two-phase mixture.
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Modifications of dielectrics are intended for a large num-
ber of applications, reaching from precision micromachin-
ing to medical surgery. Also undesired modifications of
transparent lenses or windows occur during experiments
with high power irradiation. Enduring material modifica-
tions can be realized by irradiation with particle beams or
high-intensity laser pulses. In the latter case, strong ab-
sorption of laser energy occurs above a certain threshold,
known as dielectric breakdown. A detailed understanding
of this process is essential for any application. Commonly,
the achievement of a certain critical density is used as a
criterion for dielectric breakdown. This critical density can
be identified with the density np at which the plasma fre-
quency ωP of the generated free-electron gas equals the
laser frequency ωL. When the free electron density ne be-
comes larger than np, a laser cannot deeply penetrate into
the material but is reflected at the surface. A strong increase
of absorption in the skindepth of the surface is expected,
eventually leading to destruction of the dielectric.
The transient characteristics of electron excitation with
visible lasers in the intensity regime below IL ≈
10
14
W/cm2 have been studied in Refs. [1, 2]. In this
intensity regime, the electron density gradually increases
during irradiation. The role of the leading ionization mech-
anisms and their mutual influence have been identified in
dependence on pulse duration and intensity.
Here, we have extended the kinetic approach of Ref. [1]
in order to understand in detail the pathway of material
from a transparent solid to a highly absorbing plasma state.
In our recent approach [3], we fixed the intensity I0 outside
the material. With the use of the Drude formula
ǫ = ǫr −
(
ωP
ωL
)2
1
1 + iν/ωL
(1)
the electric field EL in the material, governing the ioniza-
tion processes, was calculated for each time step. The col-
lision frequency ν was taken as a fixed parameter while the
plasma frequency ωP =
√
nee
2/ǫ0me strongly depends
on the transient free electron density ne(t) thus influencing
the optical properties of the material during irradiation.
Fig. 1 shows the increasing free electron density within
the conduction band of SiO2 under constant laser irradia-
tion with ωL = 3.77 × 1015 Hz. The red curve was cal-
culated with a fixed electrical field within the material ac-
cording to Ref. [1]. The blue curve was obtained taking
the intensity of irradiation as a prescribed parameter [3].
The critical plasma density, where the plasma frequency
equals the laser frequency, is np = 4.46× 1021 cm−3. As
Fig. 1 shows, the total free electron density is influenced by
the changing optical parameters according to (1) when the
critical plasma density is approached.
Fig. 2 shows the change of the reflectivity of the mate-
rial and the internal electrical field in dependence on free
electron density. As critical plasma density is reached, the
reflectivity vanishes. The electrical field is increasing and
reaches a maximum for slightly higher free-electron den-
sities. Here, Re(ǫ) vanishes, leading finally to a decrease
of electrical field within the material, while the reflectivity
strongly increases. The maximum of EL is about a fac-
tor 1.5 above the initial value, leading to a strong change of
ionization processes, influencing the dynamics of dielectric
breakdown within the material.
We thus established a self-consistent model capable to
trace the dielectric breakdown and to identify basic mech-
anisms responsible for material modification of dielectrics
irradiated with high power laser or particle beams.
References
[1] A. Kaiser et al. Phys. Rev. B 61, 11437, (2000).
[2] B. Rethfeld, Phys. Rev. Lett. 92, 187401 (2004);
B. Rethfeld, Phys. Rev. B 73, 035101 (2006).
[3] H. Krutsch, Diplomarbeit, TU Darmstadt April 2008.
TH-09
46
Optical Properties of Laser Excited Clusters
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The measurement of optical properties is relevant for
plasma diagnostics. The investigation of reflectivity and
absorption of electromagnetic waves in inhomogeneous
media is of interest with respect to laser excited clusters.
Using MD simulations, the properties of clusters irradiated
by intense laser pulses have been investigated. Special fo-
cus is on size effects when considering the influence of col-
lisions.
We have considered sodium nanoclusters of different
sizes (55, 147 and 309 atoms). Initially, electrons are po-
sitioned on top of singly charged ions for which icosa-
hedral geometry is assumed. MD simulations in simi-
lar to the method described by Belkacem et al. [1] are
performed using an error-function-potential V erf
ei
(r) =
−Zie
2erf(r/σei)/r to approximate the charge-charge in-
teractions, with σei = 6.02 aB. Irradiation by a laser field
exerts an additional force on the electrons and ions.
The time evolution of clusters under the influence of
a short pulse laser is calculated for different intensities.
Absorbing energy from the electromagnetic field, elec-
trons become delocalized within the cluster, forming a mi-
croplasma. On the time scale of 100 fs some electrons es-
cape charging the cluster. Ion motion becomes essential on
the timescale of ps, leading to the expansion of the cluster.
Ion positions were frozen after different expansion times
in order to analyze nanoplasmas at different thermodynam-
ical parameters. Electrons are allowed to equilibrate until
a constant temperature T and cluster charge Z is reached,
see Fig. 1. The mean kinetic energy is shown over a time
period of 100 ns. The insert illustrates that the momentum
distribution has a Boltzmann like behaviour and the tem-
perature can be deducted accordingly.
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Figure 1: Equilibration of electron temperature of a Na55 cluster ir-
radiated by a laser intensity of 0.5 · 1012W/cm−2 after freezing ion
positions at 100 fs. Insert: momentum distribution taken at all times after
30 ns. Charge of the equilibrated cluster is Z = 11.
Once local equilibrium is reached, we have determined
the momentum ACF, see Fig. 2
K(t) = 〈Pe(0), Pe(t)〉 ≈
1
N
N∑
i=1
Pe(τi), Pe(τi + t).
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)
Figure 2: Normalized momentum ACF of equilibrated cluster with elec-
tron density of 1.7 1022 cm−3 and temperature of 1.2 eV, calculated using
MD simulations.
Its Laplace transform
K(ω) = lim
→0
∞∫
0
ei(ω+i)tK(t) dt
is shown in Fig. 3. A double resonance structure is ob-
served. For our particular parameters, a freqency at ω1 =
3.8 fs−1 and a lower frequency at about ω2 = 6.2 fs−1
could be identified as due to bulk as well as surface excita-
tions, respectively.
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)
Figure 3: Laplace transform of momentum ACF with double resonance
structure, same parameters as in Fig. 2.
Analyzing the sprectrum of the Laplace transform,
a dynamcial collision frequency [2] can be introduced.
Both resonances are fitted assuming a double Lorentzian
parametrizing positions and widths of the resonances. The
values of the collision frequencies at the resonances are
ν(ω1) = 0.26 fs−1 and ν(ω2) = 0.52 fs−1.
We find that the collision frequency decreases with de-
creasing cluster size. A more detailed analysis with respect
to various parameters is in progress.
Acknowledgement The authors are indebted to Eric
Suraud for help with the MD code. This work was sup-
ported by the DFG funded SFB 652.
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Pulse shaping is a modern tool in laser experiments [1].
Of special interest is the interaction of femtosecond laser
pulses with clusters. With pulse shaping, the dynamics of
the system determined by heating, ionization and expan-
sion can be specifically affected. In particular, the yield
of highly charged ionic species can be controlled by pulse
shaping [2]. For an understanding of the underlying phys-
ical processes in the dynamics of laser–cluster interaction,
a theoretical description using a genetic algorithm and bas-
ing on the relatively simple nanoplasma model seems to be
promising.
In recent papers, we investigated the ionization kinetics,
in particular the occurrence of highly charged ions, in sin-
gle and dual pulse excitations of silver clusters within a
nanoplasma model [3, 4]. This model allows to describe
different processes that occur during laser-cluster interac-
tion by a coupled set of hydrodynamic and rate equations.
The initial plasma in the cluster is created due to tunnel
ionization described by the well-known ADK rates. For
the heating rate due to inverse bremsstrahlung, a gener-
alized quantum statistical expression including resonant
collective absorption was used. An important issue of
laser–cluster interaction is the creation of a high-density
nanoplasma. Here, the influence of correlation effects such
as the lowering of the ionization energy on the ionization
kinetics is of importance. Using, for a first estimation, a
simple analytical formula for the electron impact ioniza-
tion rates including the lowering of the ionization energy,
we could show a significant enhancement of highly charged
ions. The numerical results obtained for dual pulse excita-
tion [4] show a maximum yield of highly charged ions for
a certain delay between the two similar pulses which con-
firms the results of experimental investigations [5].
In recent cluster experiments [2], an acousto-optic pulse
shaping device is used to get a maximum yield of special
ionic species. To understand the interplay between the op-
timized pulse shape and the different processes of laser-
cluster interaction, theoretical investigations are necessary.
As in the experiments, a genetic algorithm should be used.
The aim is to find the global maximum of the yield for a
special ionic species. Our first investigations started from
an ansatz for the shape of the laser intensity with a given
number of free parameters. As a reference, a (Gaussian)
double pulse with an optimized time delay was used which
gives a maximum yield for the considered ionic species for
silver clusters with an initial diameter of 10 nm. In order to
get comparable results, the time integral of the optimized
∗Work supported by Deutsche Forschungsgemeinschaft, SFB 652.
intensity has to be equal to that of the reference pulse. To
give an example, we consider a simple ansatz given by 14
equidistant Gaussian pulses with fixed distance of δt=100
fs, fixed width of σ= 130 fs (FWHM), and variable height
An, i.e.
I(t) =
13∑
n=0
An exp
[
−
4 ln 2 (t− nδt)2
σ2
]
.
In Fig.1, the optimized pulses for maximum yield of Ag10+
and Ag12+ are shown. The optimization procedure based
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Figure 1: Optimized laser intensity versus time to give a
maximum yield for Ag10+ (solid) and Ag12+ (dashed) for
a silver cluster with an initial diameter of 10 nm. The laser
wave lenght is λ=825 nm.
on the genetic algorithm leads to double pulses where the
first pulse is smaller than the second one. The pulse opti-
mized for Ag10+ gives 160 %, the pulse for Ag12+ gives
200 % higher maximum yield compared to the reference
pulse. Further theoretical work and comparison with ex-
perimental investigations are in progress.
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Calculation of Absorption Coefficients of Hot Dense Al Plasma 
M.Barinov and V.Ermolovich 
RFNC-VNIIEF, Sarov, Russia 
The x-ray absorption properties of hot, dense plasma have 
long been of interest due to their important and urgent 
need in studies of inertial confinement fusion (ICF) and 
astrophysics. During the past 25 years, a series of 
experiments have been carried out to obtain the 
absorption spectra of low, medium and high Z plasma. 
Especially, many experiments have been made to 
investigate the absorption spectra of high temperature 
aluminum plasmas. Most experiments in the region of 
hν≥1keV have been devoted to the study of the absorption 
lines of the 1s to the 2p orbital transitions of the 
aluminum ions. These Ka absorption lines, mainly located 
in the wavelength region of 0.80-0.84 nm, were mainly 
utilized to diagnose the temperature of the plasmas by 
comparing the experimental absorption spectrum with that 
calculated. 
Recently such experiments have been initiated at VNIIEF 
on the ISKRA-5 facility. Since at present the diagnostics 
methods for experimental characteristics are on the 
development stage, than for theoretical activity the 
problem of data interpolation over Al plasma X-ray 
absorption, published in [1], has been chosen. In [1] the 
measured Al absorption coefficients are presented; here 
the authors have been the first to control the parameters of 
the studied sample. The experiment was performed at the 
Lawrence Livermore National Laboratory (LLNL) 
NOVA ten beam laser system. 
The studied sample consisted of two thicknesses (500 and 
1500 A) of aluminum foil which were clad in a 2 m 
plastic sandwich to tamp the foil expansion and produce a 
more uniform density in the sample material. The samples 
were heated by x-rays from a gold target irradiated by 
eight of NOVA's ten beams. Each of these beams had а 
3ω energy of 2 kJ in a 1-ns square pulse. The backlight 
target was a 100x25 т samarium fiber. The fiber was hit 
by a 500-J laser pulse that had a 200-ps full width at half 
maximum (FWHM) Gaussian profile and which was 
delayed 2 ns after the start of the heating beams. 
The results of the experiment [1] are shown in the figure 
below. The thicknesses of the studied samples differed by 
3 times and the transmission coefficient of the thin sample 
raised to the third power equaled the transmission 
coefficient of the thick sample at the condition that both 
samples had similar states (the same temperatures, 
densities, etc.) It follows from the above said and from the 
figure, that at the moment of the absorption coefficients 
registration the temperatures and the densities of the 
samples were similar. The densities of both samples were 
determined experimentally and equaled 
0.020±0.007 g/cm
3
. To determine the temperatures of the 
samples heating an additional experiment was performed 
where the samples wee replaced by an optically thick foil. 
It was obtained that in the main experiments the samples 
were heated up to Т=58±4 eV. 
Theoretical calculations of the absorption spectral 
coefficients were made under the CC-9 code [2], destined 
for solving equations of non-equilibrium radiation gas 
dynamics with local equations of the radiation-collision 
model of the non-population kinetics of the levels of 
multi-charge ions. 
 
Figure – Comparison of the experimental and calculated 
transmission coefficients. The dashed line shows the results 
obtained under CC-9. 
The figure shows the X-ray transmission coefficient 
through the aluminum sample with the initial thickness 
500 Å calculated under the CC-9 code at Т=58 eV and 
ρ=0.020 g/cm3. During the calculations one-time and two-
times excited states of Al ions were taken into account, 
which are obtained when using all possible configuration 
for the total number of connected electrons from 0 to 13 
on the first three shells with account for L-splitting of the 
levels. For the calculations of dd-transition lines the 
UTA-model of gauss outlines with statistical line widths 
was used. At such calculation parameters the ion charge 
equaled Z 8.5. 
When we compare these data we can state that the CC-9 
code describes the experimental spectrum of the transition 
coefficient specified in [1], that is the calculated results 
agree well with the experimental data. 
 
This work was performed in the frames of the ISTC 
Project#2264. 
References 
[1]   T.S. Perry, S.J. Davidson, F.J. D. Serduke et al, 
Phys. Rev. Lett. 67, 3784 (1991). 
[2]   B.A.Voinov, P.D.Gasparyan, Yu.K.Kochubey, 
V.I.Roslov. Calculation of radiation transport in the 
absence of the local thermo-dynamic equilibrium. 
VANT, Series Techniques and codes for numerical 
solution of the problems of mathematical physics. 
Volume.2, 65, (1993). 
TH-12
49
Coupled Mode Effects on Electron-Ion Temperature Equilibration ∗
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Centre for Fusion, Space and Astrophysics, Department of Physics, University of Warwick, Coventry CV4 7AL, UK
Starting from the seminal works of Landau [1] and
Spitzer [2], temperature equilibration in plasmas is mainly
described by electron-ion collisions (see Ref. [3] for more
details). However, collective electron plasmon and ion
acoustic modes, can strongly modify the energy transfer
rates [4]. In this case, the fully coupled system must
be taken into account since a reduced treatment based on
Fermi’s golden rule (FGR) yield Spitzer-like rates; neglect-
ing the ion motion also reproduced FRG rates [6]. There-
fore, a full treatment of the modes including the screening
provided by the electron component is essential for a cor-
rect description of the temperature equilibration process.
Here, we will present results of such a fully coupled
treatment, but restrict ourself to weakly coupled plasmas.
In this case, the kinetics of the plasma is fully described
by the Lenard-Balescu equation. Starting from this equa-
tion, an expression for the energy transfer between the elec-
tron and ion subsystems, that is equivalent to the result of
Dharma-wardana & Perrot, can be derived [7, 8]
Zei = 4
∫
dω
2pi
d~p
(2pih¯)3
h¯ω ∆Nei ε
′′
e (p, ω) ε
′′
i (p, ω)
|ε(p, ω)|
2
. (1)
Here, ε(p, ω) denotes the dielectric function of the plasma
and ∆Nei is the difference of the two Bose-like occupation
factors for the electron and ion modes, respectively. The
collective modes in the system give rise to sharp peaks in
the integrand since the real part of the dielectric function
becomes zero at the mode frequency. Due to the large mass
ratio mi/me, the ω-integral is limited to small ω by ε′′i and,
therefore, only the ion acoustic modes are important here.
Figure 1 shows results for the electron-ion energy trans-
fer rates Zei using the Spitzer formula (see Ref. [3]), the
FGR approach and the full coupled mode formula (1).
Clearly, the coupled modes strongly reduce the energy
transfer over the whole range of temperatures which is
particularly surprising for high electron temperatures. A
short analysis shows that, for the high density considered
in Fig. 1, at least one of the conditions for the occurrence
of ion acoustic modes, i.e., Ti  Te or Ti  TF for de-
generate plasmas, holds for all electron temperatures. In
contrast, results for plasmas, where neither of the two con-
ditions holds, show no coupled mode effects (not shown).
Figure 2 demonstrates that the coupled mode effects
shown in Fig. 1 result from the small p contributions. For
these momenta with k < κD (κD = 4pinee2/kBTe is the
inverse electron screening length), a well-defined, weakly
damped ion acoustic modes exist. Since the modes result
in zeros in the denominator and therefore extra peaks in
the integral, one could expect an increasing rate. However,
∗Work financially supported by EPSCR
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Figure 1: Energy transfer rates in a fully ionized hydrogen
plasma with ne=1024 cm−3 and Tp=104 K.
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Figure 2: Integrands of the p- and ω-integration for the
same conditions as for the energy transfer rates in Fig. 1.
the main effects of the mode is to redistribute weight in the
response function: the strong peak at the ionic plasma fre-
quency present in the FRG approach is shifted to smaller
frequencies and reduced in strength (see second panel in
Fig. 2). Accordingly, the CM expression (1) yields smaller
rates than the FGR formula that consideres ion plasmon
modes. For cases where no ion acoustic mode exist, the
weight is fully in the first broad peak, that describes the
1-particle excitations, and the FRG result is recovered.
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Numerical simulation of Mach wave configurations generated by intense heavy
ion beam as a scheme for investigation extreme states of matter ∗
A. Shutov1, A.P. Zharkov1, and N.A. Tahir2
1IPCP RAS, Chernogolovka, Russia; 2GSI, Darmstadt, Germany
Introduction To study high-energy-density (HED) mat-
ter in extreme state created by intense heavy ion beam
schemes LAPLAS and HIHEX were proposed [1]. The
scheme proposed here is based on generation of Mach con-
figurations of shock waves (MC) in targets by intense heavy
ion beam. The advantages of the scheme are:effective uti-
lization of the beam power (energy deposition in Bregg
peak location is used); an existence behind Mach wave
(MW) of HED matter region with practically 1D hydro-
dynamic movement suitable for experimental research.
Development of Mach reflection in target assembly sim-
ilar to [2] is investigated. The target consists from cupper
cylinder surrounded by tungsten shell with plane cut from
the beam entrance side. The parallel beam creates maxi-
mum energy density in conical region of the Bregg peak
location formed by the shape of tungsten shell. As result
this region produces one inward and one outward compres-
sion wave. (fig. 1).
Figure 1: Scheme of MC generation by ion beam
Inward conical shock wave (SW) after reflection from
axis of symmetry forms MC. The region behind MW has
HED matter with almost constant parameters across wave
movement and smooth decrease along the wave. Other
words flux behind MW is one-dimensional in space. This
is suitable for experimental study.
Calculations The calculations were done by BIG2
code [3] with EOS [4] and stopping power calculated by
SRIM [5]. The parameters of the beam in simulations were:
uranium ions with energy 0.5 GeV/nucleon; parabolic
beam power with longitude 50 ns in time; beam radius
1.5 mm and 1 mm; total number of ions in pulse 1012. The
cupper cylinder has diameter 0.4 mm and length 1.8 mm.
In dependence on angle of the conic part α for beam radius
1.5 mm different MC are generated (fig. 2).
In case of α 40◦ MC is generated with triple point (TP)
inside of tungsten region. For MC in case of α 32◦ the TP
moves along contact between cupper and tungsten. In case
∗Work supported by DFG grant
Figure 2: Evolution of MC for different conic angle. The
levels of constant pressure and contours of numerical re-
gions are plotted. The left pictures corresponds to ear-
lier time and right pictures corresponds to later time: a,b
α=40◦; c,d α=32◦; e,f α=19◦;
of α 19◦ the TP of MC moves on small distance along the
axis inside of cupper cylinder. The less angle α conic has,
the velocity of MW is higher. As result the mass velocity
U , pressure P , temperature T , density ρ are higher. But
the size of Mach stem h also drop down with decrease of
α. It may complicate the experimental measurements with
small α. The table 1 shows parameters behind MW in de-
pendence from α for two cases of the beam size at time just
before exit of MW on back side of cupper cylinder.
Table 1: The dependence of parameters from angle α for
the beam radius 1.5 mm (upper number) and 1 mm (down
number)
α, ◦ U , km/s P , Mbar T, kK ρ, g/cm3 h, mm
40 8.2/11.8 11/26 35/95 18.7/22.8 >0.2
32 9.5/15.6 15/35 57/150 19.7/22.5 0.2
19 14.4/18.8 36/57 147/220 23.5/27 0.05
Conclusions In addition to proposed earlier schemes
LAPLAS and HIHEX the scheme based on MC is inves-
tigated. As in LAPLAS scheme this scheme serves for cre-
ation of compressed state of matter but it does not demand
special distribution of the beam power with annual spot.
The scheme exploits high energy deposition in Bregg peak
location and hydrodynamic energy focusing. Rather high
parameters of compressed HED matter show capability of
MC scheme.
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Dependence of the K-line shift in plasmas on target properties
A. Sengebusch1, H. Reinholz1, and G. Ro¨pke1
1Universita¨t Rostock, Institut fu¨r Physik, D-18051 Rostock, Germany
Properties of warm dense matter can be investigated by
transmission based experiments such as Thomson scatter-
ing [1]. Since plasmas at solid state densities are opaque at
optical frequencies, backlighter techniques have been de-
veloped that provide spectral lines, such as K-lines, within
the required frequency regime above the plasma frequency.
As these lines are created within a laser induced plasma
themselves, it is important to understand how the envi-
ronment influences the emission. Effects that shift and
broaden the lines such as screening, transition satellites,
self-absorption etc. have to be considered. We will fo-
cus here on screening effects due to free electrons within
the plasma. Results for two prominent backlighter ma-
terials are compared: on the one hand the 3d-metal tita-
nium (ZTi = 22), on the other hand the polymer saran
([C2H2Cl2]n) in which the chlorine component (ZCl = 17)
is of importance.
Following the description in [2], we firstly consider an
isolated ionic emitter, the eigenwert problem of which is
solved via Roothaan-Hartree-Fock equations that provide
unperturbed line positions, ionization energies and emitter
wave functions. Introducing the influence of the plasma
environment, a perturbation potential is determined self-
consistently with respect to the free electron density (FED)
within an ion sphere model. The lowering of ionization en-
ergies and the emitter composition under LTE-conditions
are also taken into account.
The FED in dependence on the plasma temperature can be
seen in Fig. 1 for titanium and saran. The metal Ti shows
a constant plateau for low temperatures, because there are
about 4 (quasi-free) conduction electrons even in cold bulk.
Ionization of 3p levels sets in at about 25 eV. By contrast,
as it is an insulator the FED within saran is rising from
zero. Most of the electrons are provided by hydrogen and
carbon.
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Figure 1: Free electron density vs. temperature.
Within a plasma environment, emission lines are shifted
to lower energies because a polarization cloud of free elec-
trons screens the emitter nucleus [2]. Applying the relation
between density and temperature of Fig. 1, these shifts can
be calculated in first order perturbation theory. Results are
presented for Ar-like titanium and chlorine in the left and
right column of Fig. 2, respectively. The upper and lower
parts show Kα and Kβ , respectively. The bars mark the un-
perturbed line positions. With respect to them all emission
energies are red shifted.
However, the low temperature behaviour differs signifi-
cantly. Within the saran target the polarization cloud has to
be formed first. The lines shift to lower energies with rising
temperature since increasing the number of free electrons
increases the screening. For the FED-plateau of titanium,
the existing polarization cloud broadens with rising tem-
perature which decreases the screening and thus shifts the
emission lines to higher energies. However, if further ion-
ization sets in the lines are shifted back to lower energies as
in saran. Transmission satellites may mask the polarization
shift of the Kα-line. However, the shift of Kβ is an order
of magnitude larger than for Kα and its transition satellites
are well separated.
Currently, a dynamical treatment of spectral line profiles
based on a quantum statistical Green function formalism
[3] is extended to inner shell transitions. This ansatz does
not only provide shift and broadening on a fundamental ba-
sis, but allows to include internal as well as external fields.
This work is supported by the DFG-SFB 652, the LGF-MV
and the GIF-project 61280002.
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Figure 2: K-line shift vs. temperature.
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Thomson scattering on solid density and compressed Be∗
C. Fortmann, R. Redmer, H. Reinholz, G. Ro¨pke, and R. Thiele
Institute fu¨r Physik, Universita¨t Rostock, Germany
Diagnostics of solid density Be plasmas using X-ray
Thomson scattering has successfully been demonstrated
[1]. Plasma temperatures of about 12 eV were obtained,
i.e. the plasmas were moderately coupled (Γ & 1). At
these conditions, the account for electron-ion collisions
in the modelling of the scattering spectra is crucial to fit
the experimental data. In the Born-Mermin approxima-
tion (BMA) described here, collisions enter the dynamical
structure factor via the dynamical collision frequency ν(ω),
which is calculated in second order perturbation theory.
This method was successfully applied in the case of non-
degenerate and moderately degenerate plasmas [2]. Here,
it is extended to high density plasmas where electron de-
generacy becomes important. A reduction of the collision
frequency is observed.
The Thomson scattering differential cross-section is
given by the total dynamical structure factor of electrons.
Here, we focus on the high frequency free electron feature
S0ee(k, ω), which depends on the scattering wavevector k
and the transferred photon energy ~ω. S0ee(k, ω) is related
to the dielectric function of the electron system e(k, ω) via
the fluctuation dissipation theorem
See(k, ω) = −
0~k
2
pie2ne,free
Im −1e (k, ω)
1− exp(−~ω/kBTe)
, (1)
with the number density of free electrons ne,free and the
electron temperature Te. Collisions enter the dielectric
function using the generalized Mermin approach [2],
Me (k, ω)− 1 =
(
1 + i ν(ω)
ω
) [
RPAe (k, ω + iν(ω))− 1
]
1 + i ν(ω)
ω
RPA
e
(k,ω+iν(ω))−1
RPA
e
(k,0)−1
,
(2)
with the dynamic collision frequency ν(ω) and the colli-
sionless dielectric function RPAe (k, ω) [4]. The collision
frequency is taken in Born approximation,
νB(ω) = −i
0Zf
6pi2e2me
∫
∞
0
dq q6
[
V Sei (q)
]2 1
ω
×
[
RPAe (q, ω)− 
RPA
e (q, 0)
]
, (3)
V Sei (q) = e
2Ω0/0(q
2 + κ2sc) is the statically screened
electron-ion potential. Fig. 1 shows the real part of the dy-
namical collision frequency in Born approximation Eq. (3)
for Be at Te = 12 eV and various densities. The degener-
acy parameter θ = kBTe/EF (EF=Fermi energy) is also
given. The collision frequency first increases with den-
sity due to the increased coupling, and then decreases at
highest densities, because Pauli-blocking becomes impor-
tant for θ  1. Fig. 2 shows synthetic Thomson spectra
∗Work supported by the Virtual Institute of the Helmholtz Association
VH-VI-104 “Plasma Physics Research Using FEL Radiation”
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Figure 1: Real part of the collision frequency in Born ap-
proximation for kBTe = 12 eV and for various densities,
i.e. various levels of electron degeneracy. The mean ion
charge is Zf = 2.0.
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Figure 2: Electron structure factor for Be at various plasma
densities. The plasma temperature is kBTe = 12 eV. The
dashed curves show the RPA result, i.e. the collisionless
plasma. The thick lines result from the BMA calculation.
for X-ray scattering on Be plasmas at two different sets of
experimental parameters. The spectra are characterized by
the red-shifted plasmon peak. Both collisionless (RPA) and
collisional (BMA) calculations are shown. The collisional
broadening of the plasmon resonance is clearly visible.
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Ab Initio Simulations for X-Ray Scattering Diagnostics ∗
J. Vorberger, K. Wu¨nsch, and D.O. Gericke
Centre for Fusion, Space and Astrophysics, Department of Physics, University of Warwick, Coventry CV4 7AL, UK
The characterization of warm dense matter (WDM)
poses severe problems both experimental and theoretical.
Located in between typically hot plasmas and ordinary
solids or fluids, the pressure in WDM is high enough to
change the ionic and electronic structure which leads to a
combination of properties common to plasmas, fluids and
solids. Thus, techniques widely used in these traditional
areas of research become inapplicable or, at least, have to
be re-evaluated in the light of the new requirements.
Experimentally, x-ray scattering has emerged as a very
powerful technique to determine the structural and ther-
modynamic properties of WDM. The physics to be stud-
ied here includes strong ionic coupling, collective modes,
quantum effects at finite temperatures, and the ionization
related to both pressure and temperature.
An accurate theoretical description, needed to interpret
the measured data, must also include all these effects. First
principle techniques, such as density functional molecular
dynamics (DFT-MD) can serve here as a benchmark for
more approximate theoretical approaches. However, DFT-
MD should be supplemented by (semi-)classical methods
to gain the maximal information about the system.
The intersection between x-ray scattering experiments
and theory is the total electronic structure factor Stotee (k, ω)
which is proportional to the fraction of light scattered. For
the strongly coupled, partially ionized matter under consid-
eration, it can be decomposed as [1, 2]
Stotee (k, ω) = |fi(k) + qi(k)|
2Sii(k, ω) + ZfS
0
ee(k, ω)
+Zb
∫
dω′S˜ce(k, ω − ω′)Ss(k, ω
′) . (1)
Here, Stotee (k, ω) was split into contributions from electrons
that closely follow the ions (described by the ion form fac-
tor fi and the screening cloud qi), a free electron part and a
term describing inelastic scattering. Zf and ZB denote the
number of free and bound electrons per ion, respectively.
In this contribution, we will concentrate on the static
ionic structure factor Sii(k)=Sii(k, 0) that determines the
strong peak around ω = 0 in the scattering signal and can
be also extracted from first principle simulations. Results
for three-fold compressed beryllium are shown in Fig. 1 to-
gether with hypernetted chain solutions for one component
(OCP) ion systems with different ion-ion potentials. This
comparison reveals that the complex electronic dynamics
yields, in first order, a linearly screened Coulomb (Yukawa)
potential with degenerate screening length. For the exam-
ple shown, the short range repulsion must be stronger than
1/r. This can be modelled by adding a Lennard-Jones (LJ)
∗Work financially supported by EPSCR
0 1 2 3 4 5 6 7 8 9 10
k[1/A]
0.0
0.2
0.4
0.6
0.8
1.0
1.2
S i
i(k
)
DFT-MD
Z=2.0, Yukawa+L-J
Z=2.0, Yukawa
Z=2.0, Deutsch
Z=2.0, K-K
T=13eV, =5.544g/cm3
Figure 1: Static structure factor for a three fold compressed
beryllium determined by DFT-MD and HNC (see text).
type (∼ 1/r4) potential which can be interpreted as the in-
teraction of the closed inner 1s shells. Modifying the ion
charge in the Yukawa part of the potential also yield the
best fit around Zf = 2. For more highly ionized systems
(without full 1s shells), the LJ part of the potential can be
omitted and the charge state follows more directly from the
comparison with Yukawa calculations.
Furthermore, the first principle simulation can serve as
benchmark for other approaches, e.g, classical calculations
using effective quantum potentials which are designed to
mimic the quantum behavior of electrons. The limits of
such an approach are demonstrated in Fig. 1. Both, the
Deutsch [3] and the Klimontovich-Kraeft (K-K)[4] poten-
tials are stretched beyond their range of validity in this case
and give wrong predictions for small k-values, the slope
and the first peak. ¿From these insights, it can then be
expected that the electronic structure around the ions is
equally purely described by these potentials. Indeed, the
DFT-MD simulations show that electron structure around
the ions differs from the one predicted by such quantum
potentials. Moreover, the bound states are also strongly
modified by correlations and a description in terms of hy-
drogen wave functions fails.
In summary, first principle techniques combined with
(semi)-classical approaches are required to obtain a max-
imum physical insight into WDM states and to interpret
the experimental data.
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The super proton synchrotron, SPS is used as LHC in-
jector, but also to accelerate and extract protons and ions
for fixed target experiments and for producing neutrinos
(CNGS). In particular the risks during the fast extraction
of LHC and CNGS beams must be considered since any
failure during this process can lead to serious equipment
damage.When the SPS operates as LHC injector, up to 288
bunches are accelerated, each bunch with about 1.1 × 1011
protons. The bunch length is 0.5 ns and two neighboring
bunches are separated by 25 ns so that the duration of the
entire beam is about 7 µs. The beam focal spot size (σ) in
this case is 0. 88 mm. When the SPS is used as a collider,σ
is of the order of 0.06 mm. To assess the damage caused
by full impact of the SIS beam we have simulated hydro-
dynamic and thermodynamic response of solid copper and
tungsten cylindrical targets that are facially irradiated by
the beam. These simulations have been carried out using
a two-dimensional computer code, BIG-2.Three different
values for the beam focal spot, namely, with σ = 0.088 mm,
0.28 mm and 0.88 mm have been considered. The energy
deposition of 450 GeV protons in the SPS beam has been
calculated using the FLUKA code.Figure 1 shows specific
energy deposition vs target length along the beam axis for
the three values of beam spot size. In Figs. 2–3 we plot
the temperature, pressure and density vs target radius at
the point of maximum energy deposition along the target
length at the end of the pulse.
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Figure 1: Energy deposited by one SPS bunch in solid Cu
These figures show the maximum temperature in the
beam heated region that one achieves at the end of the
pulse. The target heating during the initial stages gives rise
to a very high pressure that drives a radially outgoing shock
which leads to a substantial reduction in density at the tar-
get center. This results in lengthening of the range of the
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protons delivered in subsequent bunches. This important
effect must be considered in all safety related issues. For
further details see [1].
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Figure 2: Temperature vs radius in Cu target at t = 7.2 µs.
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Figure 3: Pressure vs radius in Cu target at t = 7.2 µs.
0 0.25 0.5 0.75 1
Cylinder Radius (cm)
0
2
4
6
8
D
en
sit
y 
(g/
cc
)
sigma = 0.088 mm
sigma = 0.280 mm
sigma = 0.880 mm
Density Profiles After 288 Bunches
Figure 4: Density vs radius in Cu target at t = 7.2 µs.
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We study the properties of warm dense hydrogen by per-
forming quantum molecular dynamics (QMD) simulations
based on density functional theory (DFT). Dense hydrogen
is the main component in giant planets and, therefore, of
particular interest. We present new results for the dc con-
ductivity and reflectivity and compare with experiments.
Density functional theory is based on the theorems of
Hohenberg and Kohn [1], which state that the ground state
energy of the system is a unique functional of the elec-
tron density. Actual calculations are performed within the
Kohn-Sham theory [2].
The ground state energy is determined by minimizing
the energy functional with respect to the electron density.
Forces are derived from the resulting electron density and
a molecular dynamics step is performed for the ions. We
obtain thermodynamic data by averaging over the molecu-
lar dynamics run. This scheme is implemented within the
program VASP [3] which is used in our calculations.
As a result from QMD simulations we obtain the equa-
tion of states (EOS) which is the pressure P and internal
energy U as a function of the volume V and temperature T.
To compare this data with experiments we have calcu-
lated the Hugoniot curve which interconnects all final states
(U,P,V) that can be reached in a shock wave experiment
starting at (U0, P0, V0). It is calculated using the Hugoniot
equation
U − U0 =
1
2
(P + P0)(V0 − V ), (1)
and is a crucial test for the theoretical equation of state. Our
calculations show a maximum compression ratio of 4.25
for the principal Hugoniot curve which starts in liquid hy-
drogen at 20 K at ambient pressure [4].
Using the Kubo-Greenwood [5] formula we calculate the
dynamical conductivity which provides in the static limit
the dc conductivity. We have calculated the dc conductivity
along the Hugoniot curve, see Fig. 1 (a). The experiments
show a drastic increase in conductivity at a pressure of 20
GPa. This agrees with the findings of the QMD which show
a similar increase there up to a metallic-like conductivity
which is reached at about 40 GPa.
We have used the Kramers-Kronig relation to obtain the
imaginary part of the dynamical conductivity. The dielec-
tric function and the index of refraction follow from stan-
dard relations, and the reflectivity is calculated via the Fres-
nel formula.
The calculated reflectivity along the Hugoniot curve is
shown in Fig 1 (b) and agrees with the shown measure-
∗This work was supported by the Deutsche Forschungsgemeinschaft
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Figure 1: Calculation along the Hugoniot curve (solid
line) (a) dc conductivity and gas gun experiments [6]
(squares) (b) reflectivity and laser driven experiments [7]
(diamonds).
ments within the error bars. A strong increase in reflectiv-
ity at 40 GPa indicates a transition from a nonconducting
molecular fluid to a metallic-like hydrogen plasma. Above
that pressure the reflectivity remains almost constant.
In conclusion QMD simulations provide EOS data for
warm dense hydrogen and allow to calculate electronic
properties such as conductivity and reflectivity. Experi-
ments are reproduced and the nonmetal-to-metal transition
can be located at 40 GPa.
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The equation of state (EOS) fully determines the ther-
modynamic properties of the system. It is of the essence
for the understanding of such diverse topics as the inner
structure of giant gas planets or inertial confinement fusion.
Most methods employed to calculate the EOS are only ap-
plicable in a restricted parameter region. Here, we want to
present a classical approach for hydrogen which considers
strong interactions and extend the applicability by an ap-
proximate treatment of quantum diffraction effects for the
electrons in the nondegenerate limit.
It has been shown that the spatial structure in a classical
many-particle Coulomb system is very well described by
models developed in fluid theory. Here, we apply a multi-
component version based on the well-known Ornstein-
Zernike relation that connects the direct correlation func-
tion cab with the total correlation function hab [1]
hab(r) = cab(r) +
∑
c
nc
∫
dr¯cac(r¯)hcb(|r− r¯|) . (1)
The sum runs over all ion species and the electrons. In a
plasma with Coulomb interactions, the hypernetted chain
(HNC) closure relation,
hab(r) = 1 + exp(−βVab(r) + hab(r) − cab(r)) , (2)
was shown to yield results which are in very good agree-
ment with data from numerical simulations [2].
The system of equations above fully defines the struc-
ture in the plasma while treating electrons and ions equally.
This structure also defines the EOS via the virial equation
p
kBT
=
∑
a
p0a
kBT
−
∑
a,b
2piβnanb
3
∞∫
0
dr r
∂V Cab (r)
∂r
hab(r) .
(3)
p0a includes here the ideal and the Hartree Fock pressure.
Regardless of the treatment in the HNC equations, the po-
tential in Eq. (3) must be Coulomb.
The quantum diffraction effects needed in the low den-
sity region of hydrogen may be approximately modelled
by the use of effective pseudo-potentials in the HNC equa-
tions, particularly for the electrons. The effective potentials
we studied are the Deutsch potential (D) [3], the Kelbg
potential (K) [4], and the Klimontovich-Kraeft potential
(KK) [5]. The Deutsch potential presents an ad-hoc ansatz,
whereas the other potentials are a result of quantum sta-
tistical perturbation theory. The Kelbg potential includes
quantum contributions up to order e2 derived from Slater
sums and is the only rigorous potential as Klimontovich-
Kraeft contains further simplifications.
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Figure 1: Various approaches for the pressure of fully ion-
ized hydrogen at T = 105K normalized to the ideal pres-
sure. The classical coupling and the electron degeneracy
parameters become unity at the vertical dashed line.
Results for the pressure of hydrogen are presented
in Fig. 1. We compare here to quantum Path Integral
Monte Carlo (DPIMC) simulations [6] and results from the
Green’s function technique in Montroll-Ward (MW) ap-
proximation [7]. For very low densities (very weak cou-
pling) all techniques agree. In the moderately coupled
region, the HNC results strongly depend on the pseudo-
potential used. Only HNC using the ad-hoc Deutsch poten-
tial gives results in agreement with ab initio quantum sta-
tistical calculations. HNC applying the Kelbg potential un-
derestimates whereas the use of Klimontovich-Kraeft over-
estimates the pressure. This result is especially interesting
as the Kelbg potential is the only potential which gives the
correct result when used in a low density perturbation ex-
pansion for the EOS. A more detailed analysis shows that
the HNC procedure sums quantum contributions originat-
ing from the pseudo-potentials in an uncontrolled way.
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We have extended previous formulations of the
wave-packet molecular dynamics (WPMD) by im-
plementing full antisymmetrization for the electron-
electron interaction and by introducing approximate
Bloch waves to account for the periodic continuation of
the simulation box. The improved antisymmetrization
leads to a modified volume element in the Monte-Carlo
(MC) sampling which serves to limit an unphysical
growth of the width of the wave packets for unbound
electrons.
Using this scheme we performedWPMD simulations
for dense hydrogen. As a benchmark, we have com-
pared the results with experiments [1] and competing
models. The equation of state at T = 300 K agrees well
with diffusion Monte-Carlo results [2]. Both theoreti-
cal approaches yield somewhat higher pressures than
observed in the diamond anvil experiments, which
were carried out up to densities n = 0.7 · 1030m−3.
The simulation results show a transition from molec-
ular hydrogen to a metallic phase with delocalized
electrons. The transition was analyzed and confirmed
by examining several observables, trend in pressure,
spatial widths of electronic wavefunctions, conductiv-
ity, particle distributions, and pair-distribution func-
tions. The experimental results stop presently some-
what lower than the predicted transition point near
n = 0.9 · 1030m−3. Systematic simulations for a wide
range of densities and temperatures yield a clear tran-
sition curve in the p−T plane with a molecular phase
at low temperatures and/or pressures and a metallic
state otherwise. Results from density functional cal-
culations [3, 4, 5] lie very close to the results from
WPMD. At the transition curve, there is a regime of
phase transition where metallic and molecular phase
can coexist at the same temperature and pressure,
however at much different densities (metallic hydro-
gen having larger density than molecular hydrogen),
see Ref. [6] for details.
In the present Figure we show wave packet results
for the isotherms p(n) for various temperatures. The
van-der-Waals type behavior is obvious. Moreover
there is good agreement with recent experiments on
quasi-isentropic compression driven by high explosives
[7].
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Figure 1: Isotherms in the p − n plane showing the
phase transition from molecular hydrogen at low den-
sity (filled circles) to a metallic regime at high den-
sity (open circles) during which the molecules disso-
ciate into protons and electrons and the conductivity
strongly increases. The stars in the panel for T = 1000
K are experimental values of Ref. [7] from a quasi-
isentropic compression driven by high explosives.
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Recently it became clear that a large percentage of stars
of the universe are part of stellar systems with at least two
objects bound together by gravity and orbiting around their
center of mass, that means of so-called binary stars. Of
binary stars, the masses may be determined rather exactly,
which helps than to calculate also masses of other single
astrophysical objects.
In special types of binary stars, as e.g. X-ray binaries
and cataclysmic variables, mass may be transferred from
the less massive star (the donor) to the more massive one
(accretor) in form of a Roche lobe overflow. If such a mass
transfer exists, than it usually dominates the evolution of
the binary star system. In many cases, the inflowing gas
forms an accretion disk around the accretor. But if the mag-
netic field of the white dwarf is very strong (≈ tens of MG
[1], and up to 230 MG [2]), the disk formation may be pre-
vented.
Thhus, concerning plasma physical research, the study
of the mass transfer between donor and accretor stars is of
large interest. On the one side, the activity of the donor
influences the mass transfer [3]. On the other side, also
the accretor determines the plasma parameters of the ma-
terial stream. Recently, white dwarf accretors are being
widely studied. They are known to compress and heat the
accreted material which often consists of hydrogen. At the
dwarf surface, the kinetic energy of the impinging accre-
tion stream is converted into heat and the gas is ionized.
So, even hydrogen fusion may occur at the dwarf surface
through the CNO cycle, novae and supernovae may appear.
An intensive mass transfer is usually connected with the
formation of shock waves. In shock waves, the plasma den-
sity and temperature increase, and the intensity of the mag-
netic field grows. Thus, in the environment of shock waves
charged particles may be accelerated up to high energies.
For typical white dwarfs, one finds shock waves near the
dwarf surface, which have temperatures of about 20 keV
[1]. The shock-heated gas radiates X-rays in the keV range
by bremsstrahlung emission. Harder X-rays are emitted by
the post-shock region, where the temperature is again lower
than in the shock. Further, the free electrons moving in the
magnetized ionized gas also emit polarized optical/infrared
cyclotron radiation. This radiation cause a plasma cooling
and softens the X-rays [4]. Besides it is believed that high-
density blobs forming in the accreting stream due to various
instabilities modify the radiation emission [1].
Thus beam-plasma instabilities should be also excited
during the mass transfer between donor and accreter. Here
it would be useful to describe them using quasilinear [5]
and nonlinear kinetic theories, which have to be extended
taking into account more dense particle beams and, prob-
ably, relativistic effects. In this connection, also the fluid
model of oblique electromagnetic instabilities, which are
driven by a hot relativistic electron beam that is interpene-
trating a hot and magnetized plasma [6] might find a new
application.
Thus, concerning binary star systems, one has to solve
in future, among other problems, the following tasks:
• modeling of the stellar photospheres of binaries
• consideration of the magnetic activity of the donor star
• analysis of the absorption of radiation by the partially
ionized plasma during the mass transfer
• study of the influence of the stratification of post-
shock regions on their radiation properties
• further development of the theory of plasma beam in-
stabilities for close binary systems
Last not least, considering binary star systems, it has to
be mentioned that for the recently observed distribution of
binary orbital elements with solar type primaries, Quintana
et al. [7] estimate that about 40 – 50 percent of the binary
population is wide enough to allow terrestrial planet forma-
tion to take place unimpeded.
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Our present knowledge of the interior structure of giant
planets like Jupiter is strongly based on theoretical mod-
els. These models must fulfill the known constraints like
the radius, the total mass, and the gravitational moments
of the planet. Most of the results obtained so far rely on
a three-layer model with a central ice or rock core and
two fluid layers consisting mostly of hydrogen and helium
along with a small amount of metals [1]. However, up to
now there is no consistent physical explanation for such
a structure, especially for the location of the layer bound-
aries. One important aspect in this context is a possible
depletion of helium in the outer layer combined with an
enrichment in the inner layer. The problem of phase sep-
aration can be solved by calculating the miscibility gap in
hydrogen-helium mixtures for typical pressures in plane-
tary interiors. Some calculations have been performed with
strongly differing results [2, 3, 4], and none of these models
can explain the interior structure coherently.
Here we present the first consistent results obtained with
ab-initio quantum molecular dynamics (QMD) simulations
based on finite-temperature density funcional theory using
the VASP code [5]. We use the GGA exchange-correlation
functional along with PAW potentials. The miscibility gap
is derived from the excess Gibbs free energy of mixing
∆G(x) = G(x) − xG(1)− (1− x)G(0) , (1)
where x is the helium fraction in the mixture. Eq. (1) is
evaluated in terms of the excess energy∆U(x), excess vol-
ume p∆V (x), and excess entropy of mixing T∆S(x) via
∆G(x) = ∆U(x) + p∆V (x) − T∆S(x) . (2)
All terms are determined by the QMD simulations except
the entropy for which we use the ideal entropy of mixing
T∆S(x) = −kBT
(
x ln x+ (1− x) ln (1 − x) . (3)
We have evaluated the excess Gibbs free energy of mixing
for the pressures 4, 10, and 24 Mbar and temperatures up to
20000 K. We use the common double tangent construction
to calculate the region of demixing. The results for the
miscibility gap are shown in Fig. 1.
In contrast to Car–Parrinello molecular dynamics (CP-
MD) results [4] we obtain a weak pressure dependence for
the miscibility gap for x ≤ 0.5. This has strong influence
on the internal structure of Jupiter as can be seen from the
intersection of the demixing curves with the Jupiter isen-
trope at the mean helium fraction shown in Fig. 2.
While the CP-MD simulations indicate that demixing of
hydrogen and helium is not relevant for Jupiter’s interior,
our QMD simulations clearly show that phase separation
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Figure 1: Miscibility gap in hydrogen-helium mixtures:
QMD results (solid lines) show a much smaller pressure
dependence than CP-MD results (dashed lines) [4]. The
mean helium fraction in Jupiter is indicated (dotted line).
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15000
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Figure 2: Phase separation line of present QMD (solid line)
and CP-MD (broken line) [4] for Jupiter conditions. Dotted
line: Jupiter isentrope.
leads to the formation of two fluid layers in Jupiter. Demix-
ing occurs in the outer layer for pressures below about
3 Mbar. For higher pressures hydrogen and helium are mis-
cible and the helium fraction is greater than in the outer
envelope. The transition pressure of about 3 Mbar is con-
sistent with recent Jupiter models [1].
References
[1] N. Nettelmann et al., submitted to Astrophys. J.
[2] D.J. Stevenson, Phys. Rev. B 12, 3999 (1975).
[3] J.E. Klepeis et al., Science 254, 986 (1991).
[4] O. Pfaffenzeller et al., Phys. Rev. Lett. 74, 2599 (1995).
[5] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993); 47, 558
(1994); G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169
(1996).
TH-28
67
          	 
                           	             
      ﬀ  ﬁ ﬂ ﬃ   !  !  " # $ % ﬁ & % ' ( ﬂ  )    * ( +  ﬀ ,  ( - . /  0  0  0 1 2 2 3 ( - - , ﬃ 4
5 6 7 8 9 : ; < = > ? @ 8 A A > B C > D > 7 E F > G H I > 8 7 J K L H M G N > O P ? @ > ; @ G L < O P > 7 Q G K R < E F 7 8 ? E F < 6 7 8 9 < O ? 8 @ S @ T U N > O P ? @ > ; @ G L < O P > 7 Q
V
? T O @ T U W 8 E F @ P Q < O B D < ? F X T 9 Y W D Z 8 7 ? @ > [ 8 A 8 @ Q T E E \ O ?
]
F < 7 > ? F T E X
]
> 9 < 8 ? A > \ 7 E F < ; 8 7 @ T @ F < [ \ A X T U E T 7 @ 8 7 \ B
T \ ? P < ; 8 \ P U O T P 8 @ ? [ T \ 7 ; > O Q ? \ O U > E < : H \ E F 8 ? @ F < ? 8 @ \ > B
@ 8 T 7 8 7 @ F < C
V ^
C
V
H Y C > [ T O > @ T O Q T U
^
A > 7 < @ > O Q H E 8 < 7 E < ? Z
< _ I < O 8 P < 7 @ I A > 7 7 < ; > @ L H M @ T [ < I < O U T O P < ; T 7 @ F < U \ @ \ O <
`
V
M W U > E 8 A 8 @ Q U T O @ F < ? @ \ ; Q T U F 8 a F < 7 < O a Q ; < 7 ? 8 @ Q ? @ > @ < ? T U
P > @ @ < O : M @ F > I I < 7 ?
]
F < 7 @ F < > [ ? T O [ < O O < a 8 T 7 < _ I > 7 ; ?
; O 8 9 8 7 a @ F < 8 P I A T ? 8 T 7 T U @ F < I \ ? F < O A > Q < O ? : H 8 7 E < @ F <
I \ ? F < O O < P > 8 7 ? 8 7 ? T A 8 ; ? @ > @ < ; \ O 8 7 a @ F < 8 P I A T ? 8 T 7 G 8 @ O < B
@ > 8 7 ? < A > ? @ 8 E B I A > ? @ 8 E I O T I < O @ 8 < ? @ F > @
]
8 A A > U U < E @ @ F < < 9 T A \ B
@ 8 T 7 T U @ F < F Q ; O T ; Q 7 > P 8 E 8 7 ? @ > [ 8 A 8 @ 8 < ? : b < F > 9 < ? @ \ ; 8 < ;
@ F < W D ; Q 7 > P 8 E ? T U > 9 > E \ \ P c ? T A 8 ; 8 7 @ < O U > E < [ Q P < > 7 ?
T U > 7 > 7 > A Q @ 8 E > A P T ; < A > 7 ; [ Q @
]
T B ; 8 P < 7 ? 8 T 7 > A 7 \ P < O 8 E > A
? 8 P \ A > @ 8 T 7 ?
]
8 @ F @ F < E T ; <
V d V e
6 H f g B h i : R F < @ Q I 8 E > A
[ < F > 9 8 T \ O T U @ F < I < O @ \ O [ > @ 8 T 7 > P I A 8 @ \ ; < 8 ? ? F T
]
7 8 7
`
8 a : g
U T O ; 8 U U < O < 7 @ 9 > A \ < ? T U @ F < Q 8 < A ; ? @ O < 7 a @ F j Y k G g l G m l G n l G
o p q r
Z > 7 ; U T O > ? F < > O P T ; \ A \ ? s t g h s
q r
:
`
T O O < U < O B
< 7 E <
]
< > A ? T ? F T
]
@ F < E A > ? ? 8 E > A a O T
]
@ F O > @ < Y s t l G j t
o
Z :
`
8 a \ O < g u
V
P I A 8 @ \ ; < < 9 T A \ @ 8 T 7 U T O ; 8 U U < O < 7 @ 9 > A \ < ? T U @ F <
Q 8 < A ; ? @ O < 7 a @ F > 7 ; U T O @ F < E A > ? ? 8 E > A E > ? < :
V
?
]
< E > 7 ? < < G @ F < I < O @ \ O [ > @ 8 T 7 a O T
]
? \ I @ T > P > _ 8 B
P \ P 9 > A \ < v w ; < @ < O P 8 7 < ; [ Q @ F < Q 8 < A ; ? @ O < 7 a @ F > 7 ; @ F < 7
8 @ T ? E 8 A A > @ < ? < A > ? @ 8 E > A A Q
]
8 @ F > 7 > P I A 8 @ \ ; < @ F > @ 8 ? P \ E F A < ? ?
@ F > 7 x y Y z { t m l | } 8 ? @ F < 8 7 8 @ 8 > A I < O @ \ O [ > @ 8 T 7 > P I A 8 @ \ ; <
T U @ F < 8 7 @ < O U > E < Z :
M 7
`
8 a : m
]
< F > 9 < O < I O < ? < 7 @ < ; @ F < O < ? \ A @ ? T U < _ @ < 7 ? 8 9 <
7 \ P < O 8 E > A ? 8 P \ A > @ 8 T 7 ? U T O @ F < O < A > @ 8 9 < > P I A 8 @ \ ; < ~   ~  G
]
F < O <   8 ? @ > X < 7 > ? @ F < > P I A 8 @ \ ; < > @ @ F < @ 8 P <
]
F < 7 @ F <
8 7 @ < O U > E < 8 ? U O < < T U ? @ O < ? ? < ? Y @ F < 8 7 U A < _ 8 T 7 I T 8 7 @ 8 7
`
8 a : g Z :
b < U 8 7 ; @ F > @ @ F 8 ? P > a 7 8 @ \ ; < 8 ? T 7 A Q > U \ 7 E @ 8 T 7 T U @ F < I > B
O > P < @ < O ? E T P [ 8 7 > @ 8 T 7  
    Ł 
G
]
F < O <  8 ? @ F < I < O @ \ O B
[ > @ 8 T 7
]
> 9 < 7 \ P [ < O G  8 ? @ F < ; < 7 ? 8 @ Q T U @ F < ? F T E X < ;
I F > ? < > 7 ; 8 @ 8 ? ; < @ < O P 8 7 < ; [ Q @ F < D 8 < B L O  7 < 8 ? < 7 <  \ > @ 8 T 7
T U ? @ > @ < G > 7 ; 
       
8 ? @ F < E A > ? ? 8 E > A a O T
]
@ F O > @ < Y  
8 ? @ F < U A \ 8 ; 9 < A T E 8 @ Q [ < F 8 7 ; @ F < ? F T E X Z :
`
8 a \ O < m u W < A > @ 8 9 < P > _ 8 P \ P > P I A 8 @ \ ; < U T O ; 8 U U < O < 7 @
E > ? < ? :
R F < I O < 9 8 T \ ? O < ? \ A @ ? ? \ a a < ? @ > 7 <
]
P < @ F T ; @ T P < > ? \ O < @ F <
Q 8 < A ; ? @ O < 7 a @ F \ 7 ; < O ; Q 7 > P 8 E E T 7 ; 8 @ 8 T 7 ? > ? > A @ < O 7 > @ 8 9 < @ T
@ F < < _ I < O 8 P < 7 @ ? @ F > @ \ ? < @ F < W > Q A < 8 a F B R > Q A T O Y W R Z 8 7 ? @ > B
[ 8 A 8 @ Q f n i : M 7 U > E @ G \ ? 8 7 a W D 8 7 ? @ > [ 8 A 8 @ Q
]
T \ A ; O <  \ 8 O < ; < B
@ < O P 8 7 < @ F < I < O @ \ O [ > @ 8 T 7 > P I A 8 @ \ ; < > @ > 7 Q @ 8 P <
              ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª © « ¦ ¬ ­ © ª © ¨ ® © ¯ ° © ­ ¥ ª © ¨ ®
±
§ ¬ ² ³ ´ © « ³ µ « ¨ ® « ¶ © § ¬ ¦ ¥ ¨ · § ª ° « ­ ¥ ¦ § ¨
±
¥ ® ¤ ® ¤ © ¸ £ ´ « ¦ © ³
© ¯ ° © ­ ¥ ª © ¨ ® ¦ ® ¤ « ® ­ © ¹ ¬ ¥ ­ © ® ¤ © © ¯ ° © ­ ¥ ª © ¨ ® « ² ³ © ® © ­ ª ¥ ¨ « ® ¥ § ¨
§ º ® ¤ © ¶ ­ §
±
® ¤ ­ « ® © ¢
» ¼ ½ ¼ ¾ ¼ ¿ À ¼ Á
Â Ã Ä Å ¢ ¸ ¢ Æ ¥ ­ ¥ Ç © ® « ² ¢ Æ ¤ È ¦ ¢ ¸ © µ ¢ É Ê Ë Ì Í Î Ï Ð Ã Ð Ñ Ò Í Í Î Ó ¢
Â Ò Ä Å ¢ ¸ ¢ Æ ¥ ­ ¥ Ç © ® « ² ¢ Å ª ¢ Ô ¢ Æ ¤ È ¦ ¢ Ê Õ Ì Ã Í Ö Î Ñ Ò Í Í Ï Ó ¢
Â Ð Ä Å ¢ ¸ ¢ Æ ¥ ­ ¥ Ç © ® « ² ¢ Æ ¤ È ¦ ¢ ¸ © µ ¢ É ¢ Ê Õ Ì Í Ð × Ð Í Ã Ñ Ò Í Í Ï Ó ¢
Â Ø Ä Ù ¢ £ ¢ ¸ ¬ ³ © ¨ © ® « ² ¢ Æ ¤ È ¦ ¢ Æ ² « ¦ ª « ¦ Ú Ë Ì Í Î Ï Ð Í Ö Ñ Ò Í Í Î Ó ¢
Û Ü Ý Þ ß à á â ã ä å ã æ å ã ç å ã è
é
Ü
é
Þ ß à á ä ê
ë ì í î î ï ë í ì ð ñ
ò ó ô ó õ ö ò ÷ ö ø
ù
ú û
ü ý þ ß
 

 

 

 

 
    
   
   
      

        

   
  	  
    
 
  
     
 ﬀ
   ﬁ ﬂ ﬃ  ﬁ
ﬀ
  ﬁ ﬂ ﬃ   
ﬀ ! " "
 #
ﬀ ! $
 
$
  
$
  
$
  
$
   % ﬂ ﬃ
$ & ' ( ) * + + , -
 ﬀ
   ﬁ ﬂ ﬃ  ﬁ
ﬀ
   ﬁ ﬂ ﬃ   
ﬀ ! " "
 #
ﬀ
  
$

! $
   % ﬂ ﬃ
$ & ' ( ) * + + , -
 ﬀ
   ﬁ ﬂ ﬃ  ﬁ
ﬀ
  ﬁ ﬂ ﬃ   
ﬀ ! " "
 #
ﬀ ! . !
 /     
!
% ﬂ ﬃ
$ & ' ( ) * + + , -
 ﬀ
   ﬁ ﬂ ﬃ  ﬁ
ﬀ
  ﬁ ﬂ ﬃ   
ﬀ
  
" "
 #
ﬀ


!
    

  

  

    % ﬂ ﬃ
$ & ' ( 0 * 1 , -
 ﬀ

  ﬁ ﬂ ﬃ  ﬁ
ﬀ
  ﬁ ﬂ ﬃ   
ﬀ ! " "
#
ﬀ

  

  

  

         

   

  

    % ﬂ ﬃ 
&
'
( 2 3 * 0 + , -
 ﬀ

  ﬁ ﬂ ﬃ  ﬁ
ﬀ
  ﬁ ﬂ ﬃ   
ﬀ
  
" "
#
ﬀ
/
. !
    

      

!


  % ﬂ ﬃ
$ &
'
( 3 4 * 5 ) , -
 ﬀ

  ﬁ ﬂ ﬃ  ﬁ
ﬀ
 
ﬁ ﬂ ﬃ   
ﬀ ! " "
#
ﬀ

!
  

    

!
         
!
  % ﬂ ﬃ
$ &
'
( 2 3 * 0 + , -
 ﬀ

  ﬁ ﬂ ﬃ  ﬁ
ﬀ
 
ﬁ ﬂ ﬃ   
ﬀ
  
" "
#
ﬀ

   

  % ﬂ ﬃ
$ &
'
( 3 4 * 5 ) , -
 ﬀ

    ﬁ ﬂ ﬃ  ﬁ
ﬀ
  ﬁ ﬂ ﬃ   
ﬀ ! " "
#
ﬀ

    

!
        

    % ﬂ ﬃ
$ & ' ( 4 4 * 6 ) , -
 ﬀ
     ﬁ ﬂ ﬃ  ﬁ
ﬀ
  ﬁ ﬂ ﬃ   
ﬀ ! " "
#
ﬀ

   

   

  % ﬂ ﬃ
$ & ' ( + 0 * 7 5 , -
8 9 : 8 ; < = > ? @ A B C
8
; D
E F
G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G
H I J K L M N O O J K P Q R S T U V W X Y O Z [ \ ] ^ J \ P K Z ^ P _ J ` a b Y c d d e f d g h i j Z \ R S T
k
U
k
a X l Q K m Z \ T ] `
n
K J S Q K P J ` O [ K [ o p N ^ q m ` Q M
TH-29
68
Heavy ion driven reactor-size double shell inertial fusion targets* 
M.C. Serna Moreno1,#, N.A. Tahir2, J.J. López Cela1, A.R. Piriz1, and D.H.H. Hoffmann2 
1ETSII, Universidad de Castilla-La Mancha, Spain; 2GSI, Darmstadt, Germany
Introduction 
Inertial Confinement Fusion (ICF) is considered as an 
alternative to Magnetic Confinement Fusion to achieve 
controlled thermonuclear fusion. The main goal is to ex-
ploit the energy released from thermonuclear fusion reac-
tions to produce electric energy. Heavy ion beams were 
proposed in 1976 as one of the possible drivers in ICF. 
The method consists in igniting few milligrams of deute-
rium-tritium, using small capsules that contain the fuel. 
Heating the outer part of the target with short pulses of 
heavy ion beams it is obtained the spherical implosion 
and compression of the inner part. 
For a profitable energy production in power plants us-
ing nuclear fusion, it is necessary pulsed operation with 
few micro-explosions per second and drivers with high 
efficiency. So, heavy ion beams are a very attractive 
driver for an ICF power plant because accelerators have 
high repetition rate (practical accelerators already have 
repetition rates of 10 to 30 Hz) and high efficiency (effi-
ciencies of 20 to 30 % are obtained, relaxing the need for 
high target gain). The scheme of a reactor design could be 
the following: 
 
Ei 
Eo Eit 
1 - f 
f 
Q = Eot/Eit 
ηte 
 
Figure 1: Scheme of a reactor design. 
Going around the energy flow loop it is obtained the re-
lation: 
 1fQ ted =⋅η⋅⋅η   (1) 
where ηd is the driver efficiency, ηte is the thermal to 
electrical conversion efficiency, f is the recycled fraction 
of energy, Q is the pellet gain, Eot is the thermonuclear 
energy output of the pellet and Eit is the pellet input en-
ergy from the ion beam driver. In a reactor design (fig. 1) 
it is essential to keep the recirculating fraction of energy 
as low as possible in order to minimize costs. Then, if ηd 
~ 0.25, ηte ~ 0.4 and f < 0.25, the pellet gain Q must be 
greater than 40. 
Many of the central features of any reactor design must 
depend on the target characteristics, whether single or 
double shell targets are employed. 
Simulations 
Implosion, ignition and burn of single and double shell 
targets have been simulated using a one dimensional Lan-
grangian hydrodynamic code MEDUSA. 
Single shell targets 
In early 1980’s a heavy ion driven reactor study named 
HIBALL [1] was carried out. HIBALL study considered a 
single shell multi-layered ICF target [2], [3]. In this work 
the HIBALL single shell target has been simulated (fig.2). 
The time history of the input power has been designed to 
implode the target and achieve the density and tempera-
ture profiles in the fuel which are necessary for central 
ignition. The maximum gain obtained is 179 for an input 
energy of 4.38 MJ. 
Double shell targets 
The main advantages of a double shell target are the 
automatic pulse shaping in the low density gas region 
(this relaxes constrain on input pulse shape) and the ve-
locity multiplication due to collision of outer heavier shell 
with the inner lighter shell (this implies that a double shell 
target can be successfully imploded using lower input 
power and lower input energy). We are designing a dou-
ble shell reactor-sized heavy ion driven ICF target (fig.2). 
This target must be still optimized. 
 
Figure 2: Target initial conditions. Left: single shell target. 
Right: double shell target. 
  
Figure 3: Temporal evolution of the layers of the target. 
Left: single shell target. Right: double shell target. 
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Pade´-Like Solution for Converging Shock Waves
A. Grinenko1, V. Tz. Gurovich2, and Ya. E. Krasik2
1Centre for Fusion, Space and Astrophysics, Department of Physics, University of Warwick, Coventry CV4 7AL, UK;
2Plasma and Pulsed Power Laboratory, Technion - Israel Institute of Technology, Haifa 32000, Israel
The generation of ultra-high pressure is one of the key
issues in research related to inertial confinement fusion
physics. The most advanced methods used to obtain these
pressures are Z-pinches and laser irradiation of solid targets
[1]. The direct cumulation of the energy of shock waves
(SW) is also a possible where cylindrical or spherical con-
verging SWs [2-4] can be generated by explosive detona-
tion. Aside from its practical importance, the problem of
converging SWs, which was first solved by Guderley [5]
and independently by Landau and Stanukovich [6], is the
best known example of self-similar problems of the second
kind and as such it is described in detail in monographs [7].
In this report, an approach that can predict the value of
the self-similarity parameter α without iterating a numeri-
cal solution is presented. It is based on a Pade´ approxima-
tion for the converging SW. For adiabatic constants in the
range of γ = 6/5 − 7, the obtained values of α differ by
less than 1% from the values determined by the numerical
procedure.
For diverging SWs resulting from a fast explosion at the
axis of symmetry, the self-similarity of the flow and the
self-similarity parameters can be easily established from
the dimensional analysis based on the energy conserva-
tion behind the SW. In contrast, the problem of a central-
symmetric converging SW is more complicated. Neverthe-
less it is reasonable to assume that the flow and SW propa-
gation are self-similar. The self-similar equation of motion
of the converging SW assumes the form similar to the di-
verging SW [7]
R (t) = A (−t)
α
; D = −αA (−t)
α−1
, (1)
where R is the radial distance of the SW front from the
axis and the time t = 0 corresponds to the instant of the
convergence. In the case of a known self-similarity param-
eter α, the SW front and the post-shock parameters can be
completely determined using Eqs. (106.3) of Ref. [7]. The
self-similarity parameter α is determined by the existence
of the physical solution. The procedure for finding such
solution numerically was described in detail in Ref. [7].
A good approximate solution not contradicting the re-
quired general properties of the solution for the reduced
sound velocity Z in terms of the reduced flow velocity V
[7] was reported in Ref. [8]
Z(V ) = Zsw
(
V
Vsw
)2(
1 + b
1 + b(V/Vsw)
)
, (2)
where b is some undefined parameter. This solution has a
form of a first order Pade´ approximation with unknown co-
efficient b. The coefficients used in Pade´ approximation are
determined by the values of a function and its derivatives at
some point. In this case, the value ofZ = Zsw at V = Vsw
is found using the boundary condition, and the value of the
first derivative is obtained by substituting the derivative of
Z at V = Vsw determined by Eq. 2 into the differential
equation for Z(V ). The solution of the obtained system
of equations yields the self-similarity parameter α. An in-
triguing aspect of this approach is the fact that assuming
b = 0, one obtains the famous Whitham’s result [9] for the
self-similarity parameter
1−
1
α
=
J − 1
1 + 2/γ +
√
2γ/(γ − 1)
. (3)
The physical meaning of the functional form of Z(V ) =
Zsw (V/Vsw)
2
corresponding to b = 0 is that the density
of the potential energy of the flow behind the SW front
equals the density of the kinetic energy of the flow. At
the SW front this condition is automatically satisfied for
all types of flow geometries. However, the energy is redis-
tributed between the kinetic and potential parts behind the
SW in the case of a nonplanar geometry. The equal energy
distribution holds only in the case of a planar flow. In a
mathematical sense, setting b = 0 is equivalent to taking
the zeroth order Pade´ approximation.
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Implementation of heat conduction in 2D hydrodynamic code CAVEAT-TR
M.M. Basko∗1, J.A. Maruhn2, An. Tauschwitz2, and K. Witte1
1GSI, Darmstadt, Germany; 2University of Frankfurt am Main, Germany
Combination of intense laser and ion beams at GSI of-
fers a unique possibility to study matter at high energy den-
sities. The PHELIX laser beam will be used to create hot
plasmas by direct target irradiation or using indirect-drive
schemes based on radiative hohlraums. A two-dimensional
hydrodynamic code including heat conduction and spec-
tral radiation transport is required for preparation and inter-
pretation of experiments involving high-temperature laser
plasmas. Here we report on an upgrade of the 2D pure
hydrodynamic code CAVEAT [1] developed at LANL to a
version which includes thermal conduction. The new ver-
sion has been named CAVEAT-TR. The implementation of
the radiation transport is currently under way.
The original CAVEAT scheme is based on a Godunov-
type method and cell-centered values for all principal dy-
namic variables, one of which is the total energy density.
In contrast, a natural principal variable for thermal conduc-
tion and radiation transport would be the vertex-centered
temperature. The difficulties of combining these two
approaches were overcome using the symmetrical semi-
implicit (SSI) method [2]. As discussed in [3], the La-
grangian phase of the computation cycle is split into the
hydrodynamic step, which remains unaltered from the orig-
inal CAVEAT version, and the SSI step, which combines
heat conduction, radiation and external heating. The SSI
terms are evaluated using the SSI-advanced temperatures,
which differ from those finally advanced in the Lagrangian
step. The arising energy disbalance is corrected at the next
time step. Introduction of separate time-step control crite-
ria for the SSI algorithm ensures accuracy and stability of
the simulations.
To test the propagation of non-linear heat fronts, we con-
sider a spherically symmetric wave governed by the equa-
tion
ρcV
∂T
∂t
=
1
r2
∂
∂r
(
r2κ
∂T
∂r
)
, (1)
where the conduction coefficient κ = κ0T 2. It is assumed
that at t = 0 a finite amount of energy is instantaneously re-
leased in the center at r = 0. The solution to this problem
is fully analytical. Numerical simulation was performed
in the cylindrical r, z coordinates using a 3-block skewed
mesh shown in Fig. 1. The results of this simulation are
presented in Fig. 2. The temperature profiles along all three
line-outs are described to an accuracy of about 0.2%. This
demonstrates that the adopted reinterpolation scheme from
the cell-centered to the vertex-centered temperatures pro-
vides more than sufficient accuracy. The use of cylindri-
cal coordinates does not lead to spurious numerical effects
along the z-axis. The calculation needs a relatively large
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Figure 1: Skewed 3-block mesh.
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Figure 2: Temperature profiles for the polar angle values
θ=0, 45◦ and 90◦ compared with the exact solution.
number, Ncyc >
∼
10 000 of time steps, which is due to the
fact that the contrast between the initial central temperature
and the “sensitivity” threshold for temperature variations is
more than 10 order of magnitude.
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